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Understanding Intra-source and Inter-source Variation on the Success of Silcrete 
Heat Treatment 
Abstract 
The study of rapid heating and its effects on silcrete is widely debated, and studies have arrived at 
competing conclusions regarding factors that determine the success of silcrete rapid heating. Clarifying 
the potential effect of these various factors is important for furthering our understanding of the role of 
intentional heat treatment as an engineering strategy employed by early humans for modifying the flaking 
potential of lithic materials. To this end, this study tests for potential inter- and intra-source variation in 
the overall fracture rates of silcrete heated under a controlled, rapid heating environment. 
The tested silcrete samples were collected from a range of locations within Australia and South Africa; 
the primary test material were from Bannister’s Point/Mollymook and Bendalong Point on the New South 
Wales South Coast, and the secondary material came from Mustard Hill and Quartz Valley in the Western 
Cape region of South Africa. Following Mercieca and Hiscock (2008), silcrete samples were prepared in 
standardised dimensions and heated rapidly under multiple temperature gradients. Prior to heating, the 
silcrete samples were characterised by a range of attributes, including weight, material composition, and 
the block of stone from which the sample was cut. In addition, the geochemical property of a subset of 
the silcrete samples was examined by non-destructive X-ray florescence. Silcrete samples were placed in 
an oven pre-heated to 550, 600 and 700 degrees Celsius for a period of one hour before gradual cooling. 
The degree of heat fracture was quantified by comparing the weight of the largest remaining stone of 
each heated sample to their corresponding mass prior to heating. Statistical analyses were carried out to 
examine the influence of sample volume, temperature, and source on the degree of heat-induced fracture. 
While the results suggest that sample volume plays a significant role in influencing silcrete heat fracture, 
the effect varies considerably by source. Specifically, samples from Bendalong Point displayed far greater 
heat resistance than those of Bannister’s Point/Mollymook. This trend of inter-source variation was also 
apparent in the South African material, although limited sample size restricts the assessment to visual 
inspection only. The finding also showed intra-source variation, where different blocks of stone from a 
single source displayed significant difference in heat fracture ii 
under identical conditions. Contrary to expectation, maximum temperature was shown to have an 
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The study of rapid heating and its effects on silcrete is widely debated, and studies 
have arrived at competing conclusions regarding factors that determine the success of 
silcrete rapid heating. Clarifying the potential effect of these various factors is 
important for furthering our understanding of the role of intentional heat treatment as 
an engineering strategy employed by early humans for modifying the flaking 
potential of lithic materials. To this end, this study tests for potential inter- and intra-
source variation in the overall fracture rates of silcrete heated under a controlled, 
rapid heating environment.  
The tested silcrete samples were collected from a range of locations within Australia 
and South Africa; the primary test material were from Bannister’s Point/Mollymook 
and Bendalong Point on the New South Wales South Coast, and the secondary 
material came from Mustard Hill and Quartz Valley in the Western Cape region of 
South Africa. Following Mercieca and Hiscock (2008), silcrete samples were 
prepared in standardised dimensions and heated rapidly under multiple temperature 
gradients. Prior to heating, the silcrete samples were characterised by a range of 
attributes, including weight, material composition, and the block of stone from which 
the sample was cut. In addition, the geochemical property of a subset of the silcrete 
samples was examined by non-destructive X-ray florescence. Silcrete samples were 
placed in an oven pre-heated to 550, 600 and 700 degrees Celsius for a period of one 
hour before gradual cooling. The degree of heat fracture was quantified by 
comparing the weight of the largest remaining stone of each heated sample to their 
corresponding mass prior to heating. Statistical analyses were carried out to examine 
the influence of sample volume, temperature, and source on the degree of heat-
induced fracture.  
While the results suggest that sample volume plays a significant role in influencing 
silcrete heat fracture, the effect varies considerably by source. Specifically, samples 
from Bendalong Point displayed far greater heat resistance than those of Bannister’s 
Point/Mollymook. This trend of inter-source variation was also apparent in the South 
African material, although limited sample size restricts the assessment to visual 
inspection only. The finding also showed intra-source variation, where different 




under identical conditions. Contrary to expectation, maximum temperature was 
shown to have an insignificant role on heat fracture variation when the influence of 
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The practice of heating silcrete, also termed the heat treatment of silcrete, has been 
documented in both ethnographic and archaeological contexts, and studies have 
associated such behaviour with the production of more predictable flaking 
characteristic from the heated stone (Bleed and Meier 1980, Domanski and Webb 
1992, Cooper 2002). Through replicating experimentally the heating process, 
researchers have developed general controls for successful silcrete heat treatment, 
including the size of the heated piece, the rate of heating/cooling and the maximum 
temperatures that the stones can sustain (Mercieca and Hiscock 2008, Schmidt, 
Porraz et al. 2013).  
 
However, different researchers have reached different and mutually exclusive 
conclusions about these controls and how they operate (e.g., Schmidt, Porraz et al. 
2013, Wadley and Prinsloo 2014). For instance the Wadley and Prinsloo (2014) 
paper suggested that quartz-phase alteration could be the main facture to silcrete 
failure during heating. One limitation of past studies is that they generate broad 
inferences using silcrete from single sources; generalisation from these inferences 
thus assumes implicitly that silcrete represents a uniform stone type. This assumption 
is problematic given the often highly variable material consistency of silcrete 
between and within sources. Such variability may account for discrepancies between 
past studies and/or imply that the concept of general controls should be more 
nuanced, with implications both for previous and future archaeological studies. 
 
This project focuses on examining the effects of heat at varying temperatures on 
silcrete blocks of varying sizes, obtained from multiple source locations with varying 
material consistencies. This study will not be upon treatment per se – because that 
requires assessment of variable heating effects in terms of their material 
consequences for flaking characteristics - but of variability in the tolerances of 
silcrete to high heat. Extending this study to heat treatment would require coupling of 
the heating experiments with controlled flaking experiments – something beyond the 




different sources show different tolerances to high heat, then they are likely to have 
different requirements or constraints with respect to effective heat treatment. 
 
Samples of silcrete blocks are prepared in four size categories (1 cm³, 8 cm³, 27 cm³ 
and 64 cm³) and heated at three temperatures (550°C, 600 °C and 700 °C) to assess 
the occurrence and extent of heat-induced fracture. By comparing the study outcome 
to models of silcrete heat treatment proposed by previous research (e.g., Mercieca 
and Hiscock 2008), this study provides a more refined, quantitative assessment of the 
ability of silcrete from different sources to sustain rapid, high temperature heating in 
relation to the influence of stone size, material consistency, and temperature. The 
findings allow a better understanding of the heating process of silcrete as a highly 
variable stone type, and help clarify the possible variation of the heat treatment 

























2 LITERATURE REVIEW 
2.1 Aims and Content 
The objective of this literature review is to give a general overview of past literature 
on the heat treatment of rock types commonly used by past humans to manufacture 
stone tools. The focus of this review is primarily on silcrete, although the effects of 
heating on other sedimentary rock types will also be mentioned. The review will first 
provide a general introduction to (a) the possible factors underlying the use of 
silcrete as a source rock for stone tool manufacture in the past, (b) the nature of heat 
treatment, and (c) the role that heat treatment of silcrete may have played in early 
human prehistory. The review will then summarise previous research of stone heat 
treatment in the literature, and examine more closely studies that focused on 
identifying patterns of silcrete heat tolerance at different temperature thresholds. 
Particular attention will be placed on considering the experimental design and test 
variables involved in these latter studies. In addition, the potential importance of 
inter-source variability on silcrete’s response to heat fracture is considered with 
reference to studies from Australia and South Africa. The ultimate aim of this 
literature review is to show the need for experiments to consider the potential 
variation in the heating characteristics of silcrete within and among sources, and the 
role such a study would play in the context of future research.  
2.2 Introduction 
The sedimentary rock silcrete has long been documented as a key rock type for tool 
production in archaeological sites both in South Africa and Australia. The reasons for 
its prevalent use by past humans likely involve a mixture of factors including a fine 
grain structure, predictable flaking pattern, and its favourable flaking potential 
(Braun, Plummer et al. 2009).  
 
Another well-documented aspect of silcrete for stone tool production is the use of 
heat treatment to alter the fracture property of the stone. Heat treatment is the process 
of using fire or heat to chemically and physically change the characteristics of a 
stone raw material, making it more suitable for knapping. Brown, Marean et al. 




knowledge and represents a key aspect in the development of modern human 
behaviours. The processes of raw material selection associated with the heat 
treatment process are argued to indicate wide behavioural changes within early 
humans towards modern thinking.  
 
This review will now take a more detailed look at the heat treatment process in 
relation to silcrete, with particular emphasis on the role of silcrete composition and 
sizes in the overall success of heat treatment techniques, being the ability to 
withstand heating at high temperatures.  
2.3 Heat Treatment in Archaeology 
2.3.1 Heat Treatment Definition and Distribution  
The term ‘heat treatment’ in archaeology refers to the deliberate alteration of raw 
material by humans through the use of fire to create better stone knapping 
characteristics. Schmidt (2014, pg. 3) defined this process as “[t]he intentional 
alteration of rocks for improving their knapping quality”. 
 
Evidence of archaeological heat treatment is wide spread globally in Europe, 
Australia, North America and Africa (Schmidt, Porraz et al. 2015),  dating as far 
back to 164 thousand years ago (ka)  in places such as South Africa (Brown, Marean 
et al. 2009). However, the exact form/practice of heat treatment used by past people 
is heavily debated, and researchers have identified a multitude of factors affecting the 
success of stone heat treatment (Bleed and Meier 1980, Domanski, Webb et al. 
(1994))  
2.3.2 The Process of Heat Treatment (Sand Bath vs. Direct Heat) 
The practice of heat treatment reported in the literature varies widely among 
archaeological and experimental studies. These practices can be divided into two 
main categories: the Sand Bath technique and the practice of Direct Heating.  
 
Sand Bath heat treatment involves the imbursement of the stone within a container 
filled with sand or a burrowed ditch covered by sand. The Sand Bath is then heated 




such as kilns and stoves. Cooper (2002), and a number of other studies (Bleed and 
Meier 1980, Brown, Marean et al. 2009), used Sand Bath in their heat treatment 
experiment. The purpose of Sand Bath is to provide an even heat distribution on the 
stone samples and to maintain gradual, slow and consistent rates of heating and 
cooling. This latter factor is said to be important in preventing sample fracture, an 
outcome commonly observed in the direct heating of stones that involved rapid 
heating and cooling rates.  
 
Despite the common use of the Sand Bath technique in the literature, Schmidt, Porraz 
et al. (2015) and Schmidt (2016) argued that the practice is not necessarily required 
to successfully preform heat treatment of silcrete. By heating silcrete samples 
directly beneath natural ember rather than via indirect means of a Sand Bath, 
Schmidt, Porraz et al. (2015) were able to successfully heat treat silcrete nodules, and 
thus demonstrate that the use of Sand Bathing was not critical to the heat treatment 
process. In addition, the presence of organic residue on some of the heat-treated 
artefacts from archaeological contexts supports the scenario that silcrete were 
sometimes heated directly rather than with a Sand Bath technique. 
  
The temperatures achieved by Schmidt, Porraz et al. (2015) varied around 350–400 
degrees Celsius, with no record of temperatures exceeding 500 degrees Celsius. This 
range is close to the levels observed by Bleed and Meier (1980) and Domanski and 
Webb (1992), which demonstrated the temperature regions at which the knapping 
characteristics of the heated stone samples changed. The findings of Schmidt, Porraz 
et al. (2015) and Schmidt (2016) indicate that silcrete may be capable of tolerating 
direct heat at moderately high temperatures, and such a process could represent a 
more accurate and effective heat treatment technique than sandbathing.  However, 
Schmidt, Porraz et al. (2015) also documented the occurrence of internal fracturing 
within the heated silcrete samples due to their direct exposure to high temperature. 
Although the extents of these fractures and their relation to the changing stone 
properties have yet to the examined, these fractures are apparently more severe than 
those documented previously by experiments using the Sand Bath method. The 




pre-determined weaknesses often creating early flake termination or undesirable 
shapes.  
2.3.3 Contrast between Lithic Materials 
Heat treatment within archaeology is focused on lithic materials with high silica 
contents, such as chert, silcrete and flint. The exact reason for the success of heat 
treatment is widely debated, though studies such as Schmidt, Porraz et al. (2013) 
indicated vast differences among lithic materials in their reaction to heat treatment. 
For instance, a contrast between different forms of lithic material can be seen in 
comparing Schmidt, Porraz et al. (2013) and Cooper (2002), where silcrete displayed 
a relative tolerance to high heating rate conditions than chert and flint. As such the 
two materials have much variation in their use and preparation in relation to the 
practice of heat treatment.  
 
2.4 Heat Treatment in Silcrete 
2.4.1 Defining Silcrete 
Silcrete is a sedimentary rock which forms through the process of dissolved silica 
trapping sands and gravels within a matrix. Because of this, different sources of 
silcrete can have remarkably different colourations, grain sizing and characteristics 
though all defined within the same rock category.  Because silcrete often forms in 
weathering profiles, there can also be considerable variation in the mineralogical and 
granular composition of silcrete within sources (Summerfield 1981).  
2.4.2 Common Silcrete Assemblages 
Silcrete being a duricrust formed rock is usually found in regions which are either 
arid or were arid during the deposition and formation of silcrete. Because of this 
requirement, there are wide spread silcrete deposits throughout South Africa and 
Australia, both being within current arid zones, and also regions such as the New 
South Wales Coast that had a history of large climatic changes. Despite the 
overwhelming majority of silcrete deposits being found within these two countries, 
there are also silcrete deposits which have significant archaeological importance 




2.4.3 Silcrete Heat Treatment in Early History 
The use of heat treated silcrete dates back to 164 ka in South Africa at the site of 
Pinnacle Point and became prevalent at the same site around 72 ka, indicating 
widespread use among early humans during this time (Brown, Marean et al. 2009). 
Silcrete has also been documented at a number of other sites in southern Africa 
between 75 ka and 60 ka (Mourre, Villa et al. 2010_ENREF_28, Schmidt, Porraz et 
al. 2013, Schmidt and Mackay 2016), and occurs in Australia during the Holocene 
(Hiscock 1993). 
2.4.4 Studies upon the Temperature Gradient of Lithic Materials 
Numerous studies such as Mercieca and Hiscock (2008), Schmidt, Porraz et al. 
(2013), Wadley and Prinsloo (2014) have focused on the tolerance to heat of 
different silcrete sources. Throughout these studies, a common scientific approach 
was employed to investigate systematically silcrete alteration and heat tolerance. 
 
Using silcrete samples collected from Bannister’s Point on the New South Wales 
south coast and a silicified mudstone from the Hunter Valley, New South Wales, 
Mercieca and Hiscock (2008) cut stone samples into cubes of different volumes and 
heated them at varying temperature intervals for an hour in a pre-heated oven, before 
letting the samples cool down slowly. This study found that the two tested materials 
have different degrees of tolerance against heat cracking and fracture at different 
volume. Based on the experimental outcome, the authors proposed a model 
summarising the varying trajectories of heat alteration and fracture for the two 
materials at different volume levels (Figure 1). The model indicates a general trend 




   
 
Figure 1 showing the relationship between silcrete heat fracture, temperature, and 
stone volume observed by Mercieca and Hiscock (2008). Redrawn from Mercieca 
and Hiscock (2008; Figure 1). 
 
A similar pattern of silcrete heat tolerance was also observed by Wadley and Prinsloo 
(2014). However, comparing to Mercieca and Hiscock (2008), the experiment by 
Wadley and Prinsloo (2014) had a clear emphasis on replicating real world 
conditions of heating. In this study, silcrete was collected from the Albertinia source 
near Pinnacle Point, South Africa and cut into sizes of varying maximum length, 
breadth, thickness and weight. The silcrete samples were then heated via a range of 
different heating positions, including from being buried underneath an open fire, 
placed on a coal bed, and placed directly under  burning fire wood. The study 
focused on the occurrence of terminal fractures and failings of the silcrete blocks 
from the heating process. The authors compared pre- and post-heating weights of the 
test samples as a means to assess any internal changes that may have occurred during 
heating. 
2.4.5 Knapping Characteristic Alteration 
Studies such as Bleed and Meier (1980) and Domanski and Webb (1992) quantified 
the temperature regions in which heat treatment altered the mechanical property of 




studies, the optimal temperature for heat treatment has been given as roughly above 
400 degrees Celsius. However, a number of experimental studies using a more 
prolonged heating design have instead placed the temperature range for effective heat 
treatment at roughly 350 degrees Celsius (Cooper 2002, Mercieca and Hiscock 2008, 
Brown, Marean et al. 2009, Schmidt, Porraz et al. 2013). The disparities in 
temperature range and heating rate among these studies indicate that both variables 
may be pivotal to the thermo-alteration of lithic materials. 
 
Domanski and Webb (1992) used a wide variety of temperatures in an effort to 
demonstrate the ranges at which mechanical changes within the heated lithic 
materials occur. Their study indicates that temperatures of roughly 300 degrees 
Celsius and below had little to no drastic effect on the knapping characteristics of the 
heated rock. On the other hand, with temperatures of roughly 400 degrees and above, 
the knapping predictability and characteristics of the stones improved noticeably. 
With the use of high temperature in the heating process, a new potential issue arises: 
high heat can cause fracture to the stone and thus the success of heat treatment 
involves the survivability of rock samples under different heating conditions. Both 
Domanski and Webb (1992) and Cooper (2002) have noted the presence of sample 
failure when stones were exposed to temperatures above 400 degrees Celsius. 
Cooper (2002) noted the occurrence of sample “explosions” during these high 
temperature heat treatment processes. 
 
In order to properly identify if these high temperatures were at all possible to be 
reached in the past by early humans, studies experimentally replicated the heating 
process with fuel resources that were likely used in the past to define the possible 
upper and lower limits of the achievable temperature. For example, Cooper (2002) 
conducted an experiment by heating chert samples within a Sand Bath buried below 
an active fire. This experiment showed temperatures reaching around 350 degrees 
Celsius. 
 
The Cooper (2002) experiment further showed differences in the flake products 
removed from heated and non-heated samples. In general, flakes removed from 




samples. However, the silcrete samples used here were obtained from one locality 
within a single silcrete source, and due to differing environmental factors such as 
local wood supply and the burning temperature of different wood sources, the effect 
of silcrete heat treatment observed in this study could differ considerably to other 
settings. 
2.4.6 Reasons for Heat Treatment Rock Failure 
One of the major issues in stone heating is the presence of excessive internal 
moisture within the samples. As Cooper (2002) described, excess moisture and a lack 
of adequate drying of samples could lead to the rapid expansion of internal moisture 
within the stone and thus causing the stone to fracture during the heating process.  
 
The chemical and physical change of rock via heat treatment is well documented in 
Schmidt, Porraz et al. (2013), where they detailed that the heating of samples causes 
changes in the water constitution of the rock. Specifically, the heated rock loses 
water which is chemically bonded to the rock itself within the process of synthesis, 
or the process of different water molecules combining. Schmidt, Porraz et al. (2013) 
suggested a heating rate around 0.7 degrees Celsius/minute to prevent fracture with 
silcrete samples. This finding supports the use of controls, such as Sand bathing, to 
maintain a gradual, constant heating rate over a more prolonged heating period. 
However, Schmidt, Porraz et al. (2013) noted that the South African silcrete type 
used in their study was capable of sustaining fast heating rates than most other rock 
forms tested. Therefore, the 0.7 degrees Celsius/minute heating rate as suggested by 
the authors may not necessarily be applicable to silcrete types elsewhere. 
 
Adding to the complexity of heat treatment is the observation by Schmidt (2016) that 
stone fracture during heating can be attributed primarily to the evacuation of internal 
moisture through existing pores within the stone. Schmidt (2016) argued that, while 
gradual heating rates and overall low temperature is necessary for heat treating lithic 
material such as chert, the South Africa silcrete samples tested had greater “pore 
space allowing water evacuation being up to 5x larger.” (Schmidt 2016 p.3) These 
mechanical properties of silcrete may have enabled the material to sustain rapid 





Similar to Mercieca and Hiscock (2008), Wadley and Prinsloo (2014) found that the 
greater sized silcrete blocks showed greater mass losses and a higher likelihood of 
fracturing from heating. The study also found that the heating positions of the stones 
played a large part in affecting the rates of fracturing. A 100% fracture rate was 
recorded for samples that were exposed directly to heat reaching temperatures above 
700 degrees Celsius. Wadley and Prinsloo (2014) argued that the observed fracture 
rate is driven by the volume increase of quartz crystals within the sample as opposed 
to water evacuation from pores. Specifically, quartz crystals undergo transformation 
in their structure from the alpha form to the beta form at 573 degrees Celsius. This 
process leads to an increase in quartz crystal volume and thus would cause fractures 
within the stone sample when heated above the alpha-beta inversion threshold. 
Interestingly, this 573-degree Celsius threshold is similar to the maximum 
temperature of 550 degrees Celsius reached by Schmidt (2016) with a heating rate of 
20 degrees Celsius/minute. In other words, despite arriving at drastically different 
explanations, the studies by Schmidt (2016) and Wadley and Prinsloo (2014) place 
the maximum temperature range for effective heat treatment at between 550–600 
degrees Celsius. 
2.4.7 Variation between Silcrete  
The potential role of inter-source variation of silcrete on heat treatment is sparsely 
researched, despite the presence of diverse silcrete compositions among and within 
geological sources. For the most part, the archaeological literature reviewed here 
generally treat silcrete as a relatively uniform stone type.  
 
A great example that illustrates this issue is the study by Webb and Domanski 
(2008), where the authors detailed the relationship between lithology and flaking 
potential of silcrete obtained from different Australian sources. The study compared 
the lithology of silcrete collected from five different sources, including sites such as 
Lake Mungo and Kenniff Cave, which are hundreds of kilometres from each other. 
One evident inter-source difference is the size of crystals and rock structure. The 
crystal sizes can vary from medium to very fine grain; the latter classified as 




dissimilar silica ratios and matrix compositions. These lithological variations 
translate to considerable differences in the mechanical properties, such as 
compression strength, of the tested silcrete samples.  
 
Much of the current Australian literature on silcrete heat treatment used Hunter 
Valley or Bannister’s Point silcrete for testing (e.g., Hiscock 1993, Domanski, Webb 
et al. 1994). These studies generally treat these silcrete of varying sources as near 
identical and thus directly comparable. However, as Webb and Domanski (2008) 
have indicated, silcrete from different source locations can have very different 
lithological compositions, which can lead to drastically different characteristics of 
strength and fracture pattern. As such, the definition of lithology and composition of 
the silcrete samples used should be considered in studies of silcrete heating, as these 
variables vary among samples and may alter the outcome of heat treatment. By 
comparing silcrete materials from different sources, it is possible to bring further 
information and validity to the heat treatment of Australian silcrete and better clarify 
the relative heating characteristics of individual sources of silcrete. 
2.4.8 Further Case Studies 
The sample dimensions used in the studies summarised so far vary largely according 
to their respective experimental design. As mentioned previously, Mercieca and 
Hiscock (2008) and Wadley and Prinsloo (2014) prepared their samples with 
dimensions that are very different from each other. Within the Wadley and Prinsloo 
(2014) experiment, sample dimensions were given as 100x65x20mm, 80x50x20mm 
and 50x30x20mm sample, meaning that the samples are prepared in the form of 
rectangular slices. The authors also stated that, due to restrictions caused by working 
with natural materials, identical sizing was not possible to achieve for samples within 
each size category, and instead each size category was summarised by the maximum 
dimension and weight represented within.  
 
In contrast, the Mercieca and Hiscock (2008) experiment prepared samples in the 
form of cubes with varying a range of volumes all substantially smaller than those 
used by Wadley and Prinsloo (1 cm³, 4 cm³, 8 cm³, 32 cm ³ and 64 cm³). Although no 




be assumed that some inconsistencies do exist within each size category.  It should 
also be mentioned that, with the Mercieca and Hiscock (2008) experiment the use of 
different shapes was seen with variation between cubes and rectangular prisms 
created in order to satisfy the total area requirements. 
 
Lastly, the comparison of stone sample weight before and after heating in Wadley 
and Prinsloo (2014) provides a useful quantitative means for gauging the potential 
changes of silcrete property from heating, and also gives a more accurate 
measurement of total mass and sizing of individual samples (as opposed to relying on 
the general sample dimension classification alone).   
2.4.9 Silcrete in Modern Engineering  
In modern engineering, silcrete remains an important commodity material with 
widespread use within furnaces and refractories for the production of materials such 
as steel (Gilchrist 2013). Its primary use is for the production of silica refractory 
bricks, which are required to withstand high temperature heating arrived via a low 
temperature gradient or ramp rate [unlike the rapid heating process seen in Mercieca 
and Hiscock (2008) and Wadley and Prinsloo (2014)]. Studies such as Gilchrist 
(2013), Singer (2013), and Surendranathan (2014) stated that the silica bricks chosen 
for such a slow heating process require many different properties. For instance, 
Surendranathan (2014) noted that the selected silcrete must contain high silica 
content [95% according to Singer (2013)], low alumina content, and other properties 
such as fine grain and low porosity [less than 20% according to Singer (2013)]. 
Because of these requirements, suitable silcrete for modern engineering can be 
difficult to locate. As Gilchrist (2013) stated, “[p]ure silcrete is required for silica 
brick manufacture”. Therefore, silica blocks are often also manufactured from 
materials such as quartz rich sand, quartzite, and other substances that have a high 
silica composition.  
2.5 Summary 
The topic of heat treatment in relation to stone tools is one which has quite a 
substantial literature base; these previous studies share general similarities in their 






However, a general limitation of these previous studies is that variation among 
within and between individual silcrete sources and samples in terms of lithological 
variability were not characterised and examined. Instead, only samples from 
individual silcrete sources were used and thus lack inter-source comparison. While 
this is necessary to control for variability in experiments, its effect is to limit the 
generality of the conclusions arrived at, particularly given the highly variable nature 
of silcrete. To better clarify the effect of heating on silcrete, studies need to adopt a 
controlled and standardised setup, such as that of Mercieca and Hiscock (2008), to 
understand the interaction among multiple variables, including size, source 























3 PROJECT METHODOLOGY 
The method for sample testing used in this experiment follows closely that of 
Mercieca and Hiscock (2008), except that samples from multiple sources are 
included for inter- and intra-source comparison. The method employed here 
involves: 
• Collecting multiple silcrete nodules from two sources, Bannister’s 
Point/Mollymook and Bendalong Point, in New South Wales. Additional 
silcrete samples were also obtained from several South African sources 
(Mustard Hill, Quartz Valley and Olifants) to serve as outgroup for 
comparison. 
• Cutting the silcrete nodules into cubes of 4 different volumes (1, 8, 27, 
64cm³); 15 cubes are produced for every size per silcrete nodule (referred 
to as ‘parent rock’ hereafter).  
• Recording the weight and lithology of each silcrete cube sample. 
• Heating five samples per parent rock in an oven pre-heated to the test 
temperatures (550, 600 or 700 degrees Celsius) over a one hour period; 
the samples are then allowed to cool down gradually inside the oven.  
• Examining the silcrete samples after heating. The degree of heat fracture 
is quantified by comparing the weight of the largest remaining stone of 
each heated sample to their corresponding mass prior to heating. 
3.1 Sample Collection and Selection 
The primary test samples used in this study were collected from Bannister’s 
Point/Mollymook and Bendalong Point, both located on the south coast of New 
South Wales, Australia. Additional samples were obtained from Mustard Hill, Quartz 
Valley and Olifants in the Western Cape of South Africa to serve as outgroup for 
comparison. These source locations were selected for their relative abundance of 
silcrete, as well as their evidenced use in the production of archaeological stone 
artefacts by past human groups. The nodules from each source, that is, the parent 
rocks, were purposely selected to contain a wide variety of appearance/colour. This 
procedure is employed with the aim of testing both pure appearing silcretes, being 
blue, pink and white in colouration, and heavily weathered specimens which are 
more red to brown in colouration within the NSW South Coast samples. Both the 
Bannister’s Point and Bendalong Point deposits crop out into the ocean and as such 
the largest transportable blocks where selected to avoid excessive internal 
fractionation. These samples were all allowed to dry for at minimum one week post 




3.2 Sample Preparation  
3.2.1 Sample Designs and Selection Process 
In order to investigate properly the relationship between heat fracture and the range 
of silcrete characteristics in question, it is important that any potential influence from 
other variables that may confound our test results to be controlled. This meant: 
• Samples are prepared in identical cubic forms, done to the best of the 
experimenter’s abilities with a brick saw. 
• Cubes of all four volumes are produced from each of the parent rocks so 
that inter-nodule variability is represented evenly across the size 
categories. 
• 15 cubes of each size category are produced for each silcrete source 
(except for South African samples due to limited nodule number and 
dimension) 
3.2.2 Sample Creation 
A core saw, also known as a brick saw, was used to cut the parent rocks into cubes of 
varying volumes. Silcrete is a difficult material to work with due to its tendency to 
fracture during cutting, its relative resistance to saw blade, the extreme heat and 
sparks produced by silcrete-to-metal or silcrete-to-silcrete contact, and the glue-like 
nature of the rock powder produced by cutting. Because of these factors, a relatively 
oversized saw was used to overcome some of these difficulties.  
 
The silcrete cubes prepared by the brick saw were then refined with a trim saw to cut 
off fractured ends; the trim saw was also used to cut samples that were too small to 
be removed by the large saw without fracturing. However, the use of natural 
materials meant that absolute uniformity among the silcrete cubes was extremely 
difficult to achieve. It was also noticed while cutting that parent rocks from the same 
source, or different parts of a single parent rock, can have different densities. As 
such, the weight of each cube in grams was also recorded to better capture the 
variation among the test samples.  
3.2.3 Sample Labelling 
To properly identify each individual sample, a labelling system was developed for 





The sample was giving the first initial of its source (B-Bendalong Point, M-
Mollymook/Bannister’s Point, and A-South Africa). It was then given a number in 
accordance to the numbered parent rock it originated from (i.e., B2 means that the 
sample was cut from the second Bendalong Point parent rock).  
 
The samples where then labelled by the edge length of the cube, being 1 cm (1 cm
3
), 
2 cm (8 cm
3
), 3 cm (27 cm
3
) and 4 cm (64 cm
3
) in size with a c added to represent 
the centimetre unit. Finally, samples of a single size and belonging to a single parent 
rock were labelled randomly in a sequentially manner from 1 to15. The end result 
was a series of unique identification labels (e.g., B2-3c-7 or M1-1c-14), which is 
written on the corresponding samples with a black marker pen.   
 
For further reference, the two Australian sources (Bendalong Point and Bannister’s 
Point/Mollymook) are described as the “Primary Sources” in this study because they 
provide the majority of samples tested here.  
3.3 Sample Classification 
The classification of samples was conducted based upon geological properties that 
were thought to play a key role in the characteristics of silcrete under rapid heating.  
3.3.1 Silcrete Fabric Classes 
The silcrete fabric classification system is defined by Roberts (2003), in which 
silcrete is divided into three different classes: 
1) Grain Supported Matrix (GS-Fabrics): “Where skeletal quartz grains 
constitute a self-supporting framework, the void filling cement comprises either 
optically continuous quartz overgrowths, chalcedony overgrowths, or microquartz” 
(Roberts 2003, p22). This is the silcrete class seen most commonly in the South 
African sources in our study sample, and possesses larger grains with a lower 
percentage grain matrix. 
2) Floating-fabric (F-fabric): “[The] skeletal grain component [of the stone] 
varies widely down to an arbitrary lower limit of 5 per cent” (Roberts 2003, p22). 
This class characterises most of the silcrete samples collected in this study; it 




3) Matrix (M-fabric): “[C]omposed almost entirely of material equivalent to 
the matrix of the F-fabric type, there being only a very minor skeletal grain 
component” (Roberts 2003, p22). In other words, this class is comprised almost 
solely of matrix material with very few, if any, visible grain.  
 
Figure 2 showing the Silcrete Fabric Class Classification Tree. Recreated from 
Roberts (2003) 
  
3.3.2 Voids, Grain Composition and Matrix/Grain % 
The classification in accordance to voids is the percentage of total sample surface 




percentage rarely exceeded 10% in the study samples, considerable intra-source 
variation is noted. 
 
The amount of grain and sizing of material was also classified to describe intra- and 
inter-source variation of silcrete composition. The recording of this attribute was 
done by estimating the percentage of different sized grains on the visible areas of 
each silcrete cube. There was relatively little variation between Bendalong Point and 
Mollymook/Bannister’s Point samples. This outcome is expected given that the 
majority of the samples from the two sources were classified as Floating-fabric. 
However, variation due to the presence of grain structures, such as grain lenses, has 
been noted among samples.  
3.3.3 Colour 
Colour data of each silcrete cube sample was collected using a colourmeter with an 
~8 mm reading aperture (Noda+ chroma scanner), using RGB colour space values 
(eg., relative saturation of red, green and blue). The colour data was collected on the 
labelled side of each sample cube. Colour is highly variable within silcrete and, 
although the attribute is not necessarily a diagnostic factor in relation to heat fracture, 
it is believed to alter after heating.  
 
3.3.4 XRF Data 
The collection of X-ray florescence (XRF) data was collected for a selected range of 
64cm³ samples from Bendalong Point and Bannister’s Point, and from the full range 
of South African samples. The collection was conducted via the use of a portable 
hand-held XRF on two sides of each selected sample (6 out of 15 samples for each 
primary source and all 3 out of 3 samples from each South African source). The 
method was utilised as a non-destructive means of analysing the geochemistry of the 
silcrete samples in order to monitor any potential relationship between geochemical 
composition and heat fracture. Each test took 90 seconds to conduct and was 
calibrated at regular intervals with the use of an established standard sample. This 
testing works best with material which possesses high atomic weights and thus loses 
accuracy with decline of position within on elements located lower in the periodic 




each sample, as prior studies have indicated a general trend between low silica-high 
aluminium content and lower survival rates of silcrete after heating (Singer 2013, 
Surendranathan 2014) 
3.4 Heating Process 
3.4.1 Rapid Heating 
The process of rapid heating was undertaken in accordance to the methodology of 
Mercieca and Hiscock (2008), where a muffle furnace was pre-heated to the desired 
test temperature before samples were placed within. The samples were then allowed 
to bake for one hour before the furnace was turned off. The samples were allowed to 
cool gradually over numerous hours and the furnace was opened when the maximum 
temperature reached around 150 degrees Celsius. This process ensured that all 
damage to the silcrete cubes were resulted from the rapid heating during the one-hour 
heating period, and additional fracture were not introduced via the rapid exposure of 
stones to cooling.   
3.4.2 Temperatures 
The temperatures used in this experiment were chosen to capture the temperature 
thresholds related to silcrete facture and cracking as reported by Mercieca and 
Hiscock (2008; Figure 1). The two primary temperatures used throughout the 
experiment were 600 and 700 degrees Celsius. According to Mercieca and Hiscock 
(2008), all of the four sample volumes tested in this study should fall within the 
intact zone when heat to 600 degrees. At 700 degrees, however, silcrete cubes of 
different sizes should react differently, namely, the 1 cm
3
 cubes should remain intact 
while the 8 cm
3
 cubes should experience cracking and the 27 and 64 cm
3
 cubes 
should exhibit fracture. Further testing of higher temperatures is deemed unnecessary 
because, according to the findings of Mercieca and Hiscock (2008), all of the sample 
volumes tested here would fall within the cracking/fracture zone under temperatures 
beyond 700–750 degrees Celsius.  
 
An additional temperature of 550 degrees Celsius was selected to test the Wadley 
and Prinsloo (2014) Alpha/Beta transition phase model. Specifically, if silcrete heat 




transition, which occurs at 573 degrees, we would expect differences in the rate and 
degree of heat-induced fracture for silcrete cubes heat to temperatures 550 degrees 
versus others that experienced higher temperature heating. 
 
3.4.3 Sample Placement and Numbering 
Due to the large number of samples being tested and the limited space within the 
furnace, multiple samples were placed in the muffled furnace with gaps left among 
the samples to fully utilize the furnace space per heating run. For this reason, while 
smaller samples from different sources could be heated during the same heating 
event, larger samples (e.g., 64cm³ cubes) could only be placed in limited numbers 
and thus required multiple heating runs for each temperature. The organisation of the 
samples within the muffle furnace itself was set out prior to their placement and was 
organised by a random number generator. This is to ensure no general trend, either 
purposeful or unintentional, was applied in the arrangement of the samples that may 
influence the susceptibility of each sample to heat and potential facture. The 
selection of samples for each batch was based on the last numeric digit(s) of the 
sample label described earlier. Numbers 1-5 where heated to 600 degrees Celsius, 6-
10 were heated to 700 degrees Celsius and 11-15 at 550 degrees.  
3.5 Post Heating Classification 
3.5.1 Weight 
After each heating event, individual samples were located and identified with the 
largest surviving piece. Each of these pieces were re-labelled and weighed. A 
percentage of survived mass was computed for each sample by dividing the post-
heating weight by their corresponding sample weight prior to heating. Sample with 
90% or greater of original mass remaining was classified as ‘survived’, 70% -90% 
being classified as ‘fractured’, and <70% being classified as ‘exploded’. 
Occasionally, samples have no pieces that were large enough to be identified after 





For each sample, colour was again measured using the same means as that prior to 
heating. When possible, data was collected from the same surface as that used in the 
previous analysis. When this is not possible due to the loss of the surface from 
fracture, the cleanest surface for colour analysis was utilised instead. 
3.5.3 Intact Sides and Visible Scars 
The largest remaining piece of each sample was analysed for the number of sides 
which have remained intact. This was used to give further information on the type 
and severity of sample fracture. In addition, the number of visible fracture scars was 
also recorded.  
3.5.4 Internal Weathering 
Samples fractured or exploded during heating were analysed to observe if any 
internal weathering was present that may have played a role in sample fracture. This 
data was recorded with a simple ‘yes’ or ‘no’; all ‘survived’ samples (i.e., with 90% 
or more original mass retained after heating) were recorded as ‘no’ in internal 
weathering as no internal view was visible.  
3.5.5 Potlids 
Each fractured or exploded sample was analysed for the presence of potlid fractures, 
which are marked by crater-like features created by chips fracturing off the stone 
surface. This was conducted in an attempt to show any connection between sample 
characteristics and potlid’s presence within fractured samples.   
 
3.6 Analysis of Results 
The SPSS statistical software was used to analyse the experimental results.  
The analyses focus primarily on the importance of individual variables in accounting 
for variation in the overall survivorship of the heated samples. An alpha level of .05 
is set here for statistical significance. The dependent variable examined throughout 
the analyses is the percentage of original mass remaining in the post-heating sample 
(coded as ‘pc_of_origin’). This value is taken as a proxy for the degree of heat 




available for the South African silcrete, the majority of the analyses were performed 
on the Australian (primary source) silcrete samples, and only a subset of the analyses 
are extended to the South African samples.  
 
The survival rate of the original sample mass was examined in relation to the 
manipulated variables of size, temperature, source, and other recorded factors. 
For the XRF data, analysis was centred on examining the relationship between the 
degree of sample heat fracture and the values of Al2O3 and SiO2 values recorded 





























This section will first consider all of the data from different Australian sources 
together testing the role of intra-source variation in rapid heating survival rates; this 
will then be repeated on the two main sources separately to test for the effects of 
inter-source variation within the experiment.  
4.1 Individual Variables Analysis 
This analysis was conducted on all silcretes from both the Bendalong Point and the 
Mollymook/Bannister’s Point together with a sole focus of the effects of major 
variables on the probability and extent of heat fracture.   
Three Temperature Categories 
Studies have repeatedly noted that the primary control for the success of heat 
treatment in general lies in the heated temperature range or the maximum 
temperature reached during the heating process. Studies such as Bleed and Meier 
(1980) and Domanski and Webb (1992) have suggested temperature boundaries for 
successful lithic heat treatment. Within this experiment, three separate temperature 
setting where used: 550°, 600° and 700° Celsius. The resulting analysis suggests that 
when samples from both the Bendalong Point and Mollymook/Bannister’s Point 
sources are considered together, maximum temperature has no significant effect on 
survival rates (Kruskal-Wallis test, Chi Square=.794, d.f.=2, p=0.672).  
  
 
The Alpha-Beta Transition Temperature (573 degrees) 
The effect of the Alpha-Beta transition on silcrete fracture during heating was 
proposed by Wadley and Prinsloo (2014). They argue that the observed fracture rate 
within silcrete samples is driven by the volume increase of quartz crystals from the 
alpha form to the beta form at 573 degrees Celsius.  
 
In order to test this, the data from the Bendalong Point and Mollymook/Bannister’s 
Point sources were divided into two categories: those that were heated to 550° and 
others that were heated to temperatures above 550°.  A Mann Whitney U test 
indicates that there is no significant difference in the degree of heat fracture between 





As such the data do not support the proposition that the Alpha-Beta phase transition 
is a primary controlling factor for the degree of fracture in the samples tested here. 
 
 
4.1.1 Sample Dimensions 
The size of the sample being heated is another factor that is accorded significance in 
past experiments. Studies such as the Mercieca and Hiscock (2008) experiment as 
seen in Figure 1 demonstrate the severity of the role in which dimensions are 
believed to have played within the Mercieca and Hiscock (2008) experiment.   
 
The dimension of the silcrete samples is shown to play a significant role on the 
survivability rates the tested samples. A Kruskal Wallis test indicates that there is a 
significant difference in the degree of heat fracture among the dimension groups. 
(Chi Square=51.180, Df=3, p<0.001.). Dunn-Bonferroni pairwise post-hoc tests 
shows that there are no distinguishable differences between the two larger dimension 
categories (27cm³ and 64cm³) (p=.760 after adjusting for multiple testing) and also 
between the two smaller dimensions categories (1cm³ and 8cm³)(p=.273 after 
adjusting for multiple testing.) However, fracture is significantly higher overall 
among the larger pieces (ie., 27cm³ or 64cm³), than the smaller categories (i.e 1 or 
8cm³), (see Table 1 for statistical summary).This outcome suggests that, while 
sample dimensions does influence significantly the probability of sample failure 
during rapid heating there exists a general trend is observed where the sample 
survival rates appear to pass a “threshold” in the transition between 8 and 27cm³. 
Samples above this volume threshold have much lower survival rates in comparison 
to those with dimensions below this dimension threshold. This ‘stepped’ survivorship 
pattern contrasts with the gradual and linear progression of heat fracture observed by 











Sig. Adj. Sig. 
64 cm³ 27 cm³ 21.868 14.319 1.527 .127 .760 
64 cm³ 8 cm³ 66.781 14.648 4.559 .000 .000 
64 cm³ 1 cm³ 96.800 15.093 6.414 .000 .000 
27 cm³ 8 cm³ 44.913 14.225 3.157 .002 .010 
27 cm³ 1 cm³ 74.932 14.683 5.104 .000 .000 
8 cm³ 1 cm³ 30.019 15.004 2.001 .045 .271 
 




4.1.2 Sample Source 
Variation between Sources 
A Mann-Whitney U test shows that there is a significant difference in sample 
survivorship between Bendalong Point and Bannisters Point/Mollymook when all 
dimensions and temperatures are considered together (U=8255.55; d.f.=1, p<0.001). 
Overall, the samples from Bendalong Point have a higher survival rate than those 
from Bannisters Point/Mollymook in general. This implies that the different sources 
may respond differently to rapid heating, warranting further examination of patterns 
in these two sources. 
  
Variation within Source 
Mollymook/ Bannister’s Point 
Variation in the survivability among the samples from different parent rocks was 
found to be insignificant (Kruskal-Wallis test: Chi Square=1.667, d.f.=2, p=0.434), 






In contrast to the Bannister’s Point/Mollymook samples, the Bendalong parent rocks 
showed significant difference in the degree of heat fracture (Kruskal-Wallis test, Chi 
Square=17.627, d.f.=2, p=<0.001). Specifically, samples taken from one of the three 
parent rocks (#3) at Bendalong Point showed a significantly lower survivorship than 
those from the two other parent rocks. (see table 2 for statistical summary). This 
pattern indicates that intra-source variation among parent rocks is significant for the 
Bendalong Point source.   
 
In sum, the intra-source variation among parent rocks is significant for the 
Bendalong Point source but not for the Mollymook/Bannisters Point source. This 
finding indicates that samples from the latter share a more predictable pattern in heat 












Sig.  Adj. Sig. 
#3 #2 27.149 9.253 2.934 .003 .010 
#3 #1 37.640 9.253 4.068 .000 .000 
#2 #1 10.491 9.253 1.134 .257 .771 
 
Table 2 Summary of Dunn-Bonferroni pairwise post-hoc for differences in heat 
fracture among Bendalong Point parent rocks. The Adjusted Significants value 




4.2 Relationships between Primary Variables and Sources 
4.2.2 Bannister’s Point/Mollymook 
Temperature 
The Bannister’s Point/Mollymook Point Silcrete behaved much alike the Bendalong 
Point material in regards to temperature, which is to say that there is no significant 
effect of temperature on sample survival (Kruskal-Wallis test, Chi Square=1.667, 






As with Bendalong and the aggregated results of both sources, block dimension has a 
significant influence on sample survivability among Bannisters/Mollymook samples 
(Kruskal-Wallis test, Chi square=1.229, d.f.=2, p=<0.001).Dunn-Bonferroni post-hoc 
test indicate that the ’threshold effect’ mentioned earlier in relation to the effect of 
stone dimension on heat fracture is reproduced here among the 
Bannisters/Mollymook samples. Specifically there is no difference in heat fracture 
between the two largest dimension categories (p=.103 after adjusting for multiple 
testing) and also between the two smaller dimension categories (p=.350 after 
adjusting for multiple testing). On the other hand any one of the larger categories do 
share a significant difference with any one of the smaller dimension categories, and 
vice-versa. (See Table 3 for statistical summary) 
 These results suggest that the relationship between heat fracture and sample 
dimension is different between the two sources.  
  
  
Sample 1 Sample 2 Test 
Statistic 
Std. Error Std. Test 
Statistic 






























 19.417 10.260 1.893 .058 .350 
Table 3 Summary of Dunn-Bonferroni pairwise post-hoc for differences in heat 
fracture among Bannister’s/Mollymook sample with different dimension categories. 
The Adjusted Significants value represents p values corrected for multiple testing. 
 
4.2.3 Bendalong Point 
Temperature 
The Bendalong silcrete throughout the experiment proved to be the most heat-









In contrast to temperature, stone dimension has a significant influence on survival 
rates in Bendalong Point samples (Kruskal-Wallis test, Chi Square=10.172, d.f.=3, 
p=0.017). A pair comparison suggests that the only significant difference being 
between the smallest sample dimensions (1cm³) and the largest (64cm³) (p=.038; see 
Table 4). This finding, which is consistent with the results of Merceica and Hiscock 
(2008), suggests that, when the influence of source is controlled, there is a clear 
progressive trend towards lower survival rates in larger samples from the Bendalong 
Point source. The threshold effect noted in the Bannisters/Mollymook samples is not 
reproduced at Bendalong. 




































 8.058 10.985 .734 .463 1.000 
       
 
Table 4 Summary of Dunn-Bonferroni pairwise post-hoc for differences in heat 
fracture among Bendalong Point sample with different dimension categories. The 
Adjusted Significants value represents p values corrected for multiple testing. 
  
4.2.4 Grain Size 
 
Variation in grain size was identified as a possible factor that influence the survival 
rates of the heated silcrete samples. Due to the composition of the Australian silcrete 




percentage of fine grain was used instead to assess any potential influence of grain 
size distribution on the extent of heat fracture. Both the Bendalong and Bannister’s 
Point silcrete are characterised by a high percentage of fine grain size, with on 
average less than 20% of their composition comprising of medium to coarse grain.  
 
Figure 3 shows the relationship between the extents of heat fracture with respect to 
the percentage of fine grain within each heated sample. While there appears to be a 
positive relationship between the extent of heat fracture with the amount of fine-
sized grain, the pattern is inconclusive due to the limited number of samples with 
80% and 95% fine grain composition. Given the uneven distribution of sample size 
across the percentage of fine grain statistical test was not conducted as the validity of 
the results would be questionable.  
 
 




4.3 XRF Data Results 
The XRF data was collected from a subset of the 64cm³ samples in order to analyse 
if Aluminium or Silica content influence the degree of heat fracture in the tested 
samples.  While the relatively small sample size makes it difficult to draw conclusive 
statistical analysis, the data is useful for visually assessing if there is any indication 
that the geochemical composition of silcrete plays a role in determining the degree of 
heat fracture and hence sample survivability.  
 
4.3.1 Aluminium Content 
The major chemical composite identified within the literature as having a negative 
effect upon silcrete survival rates after heating was Aluminium, which is detected by 
XRF in the form of Al2O3. Figure 4 plots the relationship between the extent of the 
heat fracture and the percentage composition of Al2O3. A Spearman correlation test 
returned no significant association between the two variables. (Spearmans Rho=-
.318, p-.082). Because the amount of Al2O3 in the silcrete samples falls at the 








Figure 4 Showing the mean Al2O3 composition compared with the survivorship 
 
4.3.2 Silica Content 
The major composition of silcrete is silica and as such the analysis of SiO2 within 
samples can show the proportion of metals and other “impurities” within samples 
with respect to the “pure” silica composition. Figure 5 plots the relationship between 
the extent of the heat fracture and the percentage composition of SiO2. A Spearman 
correlation test returned no significant association between the two variables. 
(Spearmans Rho=-.076, p-.69, one outlier excluded). 
Unfortunately, as with Al2O3 the amount of SiO2 in our samples also falls on the 
detection limit of the hand held XRF, and as such the values likely contain 












4.4 African Samples 
 
Because of the limited size and number of the South African silcrete nodules 
collected, the sample size of the South African silcrete is insufficient for performing 
the same set of analysis that were applied to  the Bendalong Point and 
Mollymook/Bannister’s Point sources. Instead, the South African data are explored 
here in order to examine the generality of the relationship among the test variables 




number of outliers, statistical tests are unlikely to be meaningful and thus not 
performed in the analyses below. The South African samples used here were deriving 
from three sources, denoted as Mustard Source Hill, Quartz Valley and Olifants 
River. All three are known to have been used for stone artefact production in the 




A general trend can be witnessed within the South African data in which increasing 
temperatures indicate a decreasing survival rate. This result differs from the Primary 
source analysis which concluded there was no significant difference between 
temperatures for the Bendalong Point and Bannister’s Point/Mollymook material. 
This is an indicator that the significance of temperature within rapid heating 
survivability of silcretes may be a localised trend found in these two sources and is 






Figure 6 Showing the role of Temperature on the Survivorship of South African 
Samples 
4.4.2 Size 
Due to sample constraints, only three sizes – 1cm³, 27cm³ and 64cm³ – could be 
produced from the African samples. As with the Bendalong Point and 
Mollymook/Bannister’s Point source data, the results for all of the South African 
samples in aggregate shows a trend where increasing sample dimension appears to 
associated with decreasing survival rate. Unfortunately, due to the absence of any 
8cm³ samples, it is difficult to deduce if trend follows a linear pattern like the one 
observed in the Bendalong samples, or a “threshold” pattern like that characterise the 








Figure 7 Showing the role of Size on the South African Survivorship 
4.4.3 Source 
The degree of original sample mass retained is plotted by the three South African 
sources sampled in this study: Mustard Source Hill (1), Quartz Valley (2) and 
Olifants River (3).  Similar to the Bendalong Point and Mollymook/Bannister’s Point 
source data, there is clear evidence for inter-source variation in sample survivorship. 
Specifically, Olifants source rock have varied survival rates in comparison to the 
Mustard Hill and Quartz Valley material, which displayed a heat-treatment 
characteristic much like the Bendalong Point samples with high survivability. Thus, 
in spite of some broad patterns in the African samples’ survivorship relative to size 




This reinforces the significant role that inter-source variation likely played on rapid 
heating, and suggests that this is a general trend in silcrete heat treatment. 
 
 
Figure 8 Showing the role of Source (Represented by Rock) on the South African 
survivorship Rates 
4.5 Overview 
In regards to the experiments results reported here, it is evident that the two main 
factors which contribute the greatest to variation in silcrete heat fracture are stone 
size and source. The lack of significant effect from temperature is surprising given 
the emphasis of previous studies, such as Mercieca and Webb (2008), as the main 
source of variation in silcrete heat treatment.  
In addition, the significant role of source on sample survival rates is a factor which 
up to this point has received little to no mentioning consideration in silcrete heat 
treatment studies. However, the actual geological/mechanical reasons that underlie 






The discussion is divided into the major variables that were examined in the results 
section.  In addition, this section will discuss how the results of this experiment relate 
to previous literature and research in this topic in general.  
5.2 Temperature  
Within much of the previous literature, a major component, if not the main 
component, of silcrete heat treatment failure was identified as the temperature 
gradient and overall maximum temperature. This project was built around the 
Mercieca and Hiscock (2008) experiment which identified the two key factors of 
lithic rapid heating failure as sample size and maximum heating temperature.  
5.2.1 Role of Temperature in Outcome 
The results here indicate that maximum temperature plays a minor role in the 
resulting survivability of the heated samples. Across the two primary sources, sample 
heat fracture was not statistically different among the three temperatures tested.  
 
The high effective ramp rate in this experiment would have substantially reduced the 
effective role that the overall maximum temperature played.  As seen in much of the 
engineering literature in regards to refractory bricks, silica rich materials are utilised 
for their high tolerance to heat, though they are treated with care during the heating 
process due to their relative vulnerability to extreme temperature gradients. 
 
As such, this experiment focused upon the findings of Porraz et al. (2015), which 
identified the use of direct heating on lithic artefacts, and followed the experimental 
heat gradient principles found in Schmidt (2014) of adding lithic materials to a high 
heat environment, rather then gradually raising the temperature from ambient as is 
seen in the Sand Bath methods.   
 
Because of this focus on high temperature gradient testing, it is highly likely that 
techniques such as Sand Bath and other settings that allow for a more gradual rate of 
heating might result in greater heat tolerance among silcrete samples than what was 




5.2.2 Mercieca and Hiscock Comparison 
As previously mentioned, this experiment closely followed the study design of 
Mercieca and Hiscock (2008). Within their study, stone size and temperature were 
identified as the key factors dictating the eventual heating outcome of their silcrete 
samples. The present study could not reproduce such a clear outcome, and the 
influence of further factors, such as source and composition, dwarfed the overall 
predictive strength of temperature alone. The key differences between the two 
studies have to do with the source and quantity of samples used. The Mercieca and 
Hiscock (2008) focused upon a singular source which could have behaved much 
differently than the two primary sources used within this study. The Mercieca and 
Hiscock (2008) study also used a much smaller sample batch, which could have 
caused their outcome to be more susceptible to slight variation, despite this their 
resulting data showed strong statistical data.  
5.2.3 Alpha-Beta Phase Transition 
The alpha-beta transition phase at 550-600°C was highlighted by Wadley and 
Prinsloo (2014) and was proposed as a key factor for silcrete fracture during heating. 
The experiment results here do not support this transition phase as a significant cause 
for silcrete heat fracture.  
 
The absence of support for this proposition in this study does not, however, suggest 
that the alpha-beta phase transition is insignificant to all silcrete samples. Due to the 
widely varied range of silcrete types, it is possible that in certain silcretes this critical 
temperature threshold could significantly influence fracture/survivorship. This point 
aside, it is evidently not possible to assume that the alpha-beta phase transition is a 
critical parameter in the heating of all silcrete types and sources.  
 
It should also be noted that this temperature range of failure and alteration is also 
shared with the Schmidt (2016) study, although the latter study attributed the cause 
for fracture at this temperature range to the evacuation of internal moisture. Again, 
this is likely true for some silcrete. However, the effect of internal moisture 
evacuation is likely to vary in relation to the composition and grain sizes of the 




experiment is the presence of mass lost even in samples that remained intact after 
heating as can be seen within the consistent mass loss within all heated samples even 
during complete survival. . Further testing of this theory would require controlling 
and manipulating the moisture content of the heated silcrete samples.  
5.3 Size 
Similar to the variable of temperature, stone size, or more specifically volume and 
surface area, is often described within past literature as a key factor to the overall 
survival of lithic heat treatment. As can be seen in the Mercieca and Hiscock (2008) 
diagram (Figure 1), increasing size leads to a decrease in the survival rates of silcrete 
samples. As seen in the results of the experiment here, size is indeed a significant 
factor in influencing the overall survival rates, with samples from both primary 
sources showing a decreasing survival rate with larger samples. 
 
The reason for the influence of stone size can be due to a multitude of variables, such 
as the variation between surface heat and internal heat, the addition of further 
internal moisture, and of course the higher likelihood of flaws and faults being 
present or enclosed within larger samples when compared to the smaller samples.  
This last factor is very important for the possible inaccuracies that an experiment 
such as this one carries, as the use of different sized stone samples means that flaws 
and cracks could be unequally represented among the heated samples. During the 
data collection phase of this study, it was evident that there was a much higher 
variation among the 64 cm³ samples within the same parent rock. In comparison, the 
1 cm³ samples appeared to be more homogenous in general.   
 
Between different sources, the effect of stone size on heat fracture varies widely. A 
clear difference in silcrete’s response to heat under changing sizes could be seen 
between the two primary sources. Within the Bendalong Point samples, which were 
noted as being the most consistent, there was a noticeable progression towards 
lowering survival rates as the heated samples increase in volume. This gradual trend 
is supported by the fact that a significant difference in heat fracture could only be 
discerned between the smallest (1 cm³) and largest (64 cm³) size groups. In contrast, 
the Bannister’s Point/Mollymook samples seemed to pass through a “threshold” at 




and 8cm³) and the larger samples (27cm³ and 64cm³). This could be an indication of 
both a changing reaction to the overall size of different samples and their reaction to 
rapid heating, or that the sample dimensions examined here do not overlap with the 
“threshold” temperature for the Bendalong Point material.  
 
Another logical reason may relate to the composition and makeup of the different 
sources and their ability of expel moisture and adapt to the changes of crystalline 
structures during rapid heating. It is also likely that the Bannister’s Point samples 
were much less internally homogenous with greater flaws and fractures found 
throughout the samples that could have resulted in a further likelihood of fracture 
under high temperature settings.  
5.4 Inter-Source 
The primary aim of this experiment was to evaluate and highlight the potential 
influence of variation between different silcrete sources on rapid heating of lithic 
materials. As such, variations between sources in terms of heat fracture was analysed 
extensively.  
5.4.1 Role of Source on Outcome 
Differences in source played a considerable, if not major, role in explaining the 
variation of heat fracture in the experimental results. As seen in the results section, 
the response of silcretes from the two Australian sources to heat was significantly 
different, dwarfing the influence of all other variables seen. This finding highlights 
the tremendous variation that heterogeneous lithic materials such as silcrete can 
display from deposit to deposit. The variation seen between the Bannister’s Point and 
Bendalong Point indicates that a higher degree of inter-source differentiation is 
indeed possible, although the exact nature of this variation would need further 
sampling and study to properly identify.  
 
The significant role of source seen within this experiment should also be taken with 
caution because only two different sources were compared here, and further testing 
would likely indicate that silcretes and indeed all lithic material could vary widely 
even when they are classified geologically under the same rock category.  An 




African silcrete samples, which came in a wide variety of colours, grain clasts and 
characteristics. In addition to this, the characteristics of these South African samples 
during rapid heating also varied widely. Mustard Hill and Quartz Valley samples 
have very high heat tolerance and suffered little mass loss throughout the rapid 
heating testing. In comparison, the Olifants source displayed poor heat tolerance with 
severe mass loss at all temperatures and sizes throughout the testing.  
5.4.2 Variations between Sources 
There was considerable variation in the failure rates of samples between the 
Australian sources under rapid heating. The reasons for this difference are possibly 
related to the origins of the sample material and the processes through which these 
silcrete were formed. The materials of Bendalong Point and Mollymook/Bannister’s 
Point are characteristically similar to each other and to the majority of coastal silcrete 
material found in the New South Wales South Coast region. Despite this, it is 
probable that different forces have contributed to the current dispositional states of 
both sources and their associated lithology and composition. 
 
An example of this can be seen in the cutting characterises between the two primary 
sources (documented in the appendix), where the Bendalong Point material had a 
higher tendency to fracture prematurely under excess strain. In comparison, the 
Mollymook/Bannister’s Point material contained a much more composed structure 
with low fracture tendencies throughout the cutting period, which possibly relates to 
the depositional process of the source.  
 
On average, the parent rocks collected from the Mollymook/Bannister’s Point source 
were noticeably larger in mass and dimensions than those collected from the 
Bendalong Point location. This difference possibly affected the internal structure and 
strength of much of the material used for sample preparation, as smaller parent rocks 
often contain a much better fracture plane because pre-existing weaknesses were 
removed prior by erosional forces. In addition, the smaller nodules collected were 
likely the result of greater environmental strain, which likely influenced the number 
of internal fractures within the parent rock. This extra internal fracturing is likely to 




which could have played a significant role in influencing the fracture rates of both 
Australian sources examined here. 
Unfortunately, the roles of parent rock mass and dimensions were not considered as 
important factors during the design of this experiment and as such no data for parent 
rock mass were recorded, though future sampling of depositional sites and the 
average characteristics of these sources could possibly help explain varying fracture 
rates within silcrete.  
5.5 Intra-Source 
An important factor to accommodate when dealing with source variation is the 
differences found within sources. Three different rocks from each source were 
selected for sample creation and each sample was recorded as relating not only to the 
source but to a specific parent rock from that source.  
5.5.1 Variation within Primary Sources 
As seen within the results section, each source was analysed to see if variation in 
heat fracture exist among the parent rocks from a given source. This procedure was 
possible for the Australian silcretes only; the South African silcretes were collected 
by other parties in the field and had undergone previous cutting prior to arrival at the 
University of Wollongong, making it impossible to positively differentiate individual 
rocks.   
 
The primary source rocks were all collected by parties working primarily on this 
project and were brought to cutting whilst remaining in their natural shape.  
 
With respect to intra-source variation, the two Australian sources behaved 
differently. The Bendalong Point silcrete samples displayed a significant difference 
in response to heat between parent rocks; the Mollymook/Bannister’s Point silcretes 
did not.  
5.5.2 Reasons for Intra-Source Variation 
The exact reasoning for intra-source variation was not tested within this experiment 
due to the similar silcrete composition of each parent rocks. Despite this, the addition 




investigate such variation. As can be seen in both the photographed data and the 
written notes on different parent rocks within the appendix, there was much variation 
in their appearance and cutting characteristics. The decision to select a multitude of 
different silcrete boulders from each site with the aim of testing multiple different 
appearances and shapes is likely to have impacted the heat results here. The addition 
of weathered silcrete found within some samples, as can be noted by the brown stain, 
near oxidised colour seen within some of the primary samples, is likely to have 
interacted with factors, such as moisture expulsion and quartz crystal expansion, in a 
much different manner than with the “pure” silcrete that could be seen on the interior 
of these rocks. 
 
Another factor which has not yet been mentioned is the existing fracture patterns of 
the rocks that were used as samples. Silcrete is a rock which is widely used within 
stone making due to its excellent flaking potential, though this indicates a high 
tendency to fracture within samples when exposed to outside stresses and strains. 
Materials from the two primary sources were collected in a coastal environment, a 
setting where environmental forces such as wind, landslides and especially water and 
wave action would have played a large role in the formation of these silcrete deposits 
and their associated composition as observed today in the coastal fringe.  
Within the cutting phases, it was evident that some rocks had greater internal 
fracturing present then others, some of it clearly visible whilst stress fractures were 
evidently hidden throughout the cutting period. 
 
The presence of internal fractures was a factor which hindered the cutting process 
during sample creation. This is possibly an indication that weaknesses created 
previously by natural processes could have led some samples to fracture prematurely 
under conditions that the samples are otherwise capable of withstanding. 
Unfortunately, though it is most likely that these fractures were present within the 
silcrete boulders during collection, the added strain of transportation and cutting is 
likely to have furthered the fractures within each sample. This is likely to have added 
to the variation among samples of individual boulders experiencing different levels 
of environmental stresses in accordance to their size, shape and positioning within 




location likely a factor which would have further differentiated the individual parent 
rocks.  
 
5.6 Grain Composition 
The size of the grains within the sample itself has been indicated as not only a key 
factor for the selection of lithic material by early humans (Braun, Plummer et al. 
2009) but also as a possible factor for explaining the heat tolerance of lithic 
materials.  
 
In this study, this theory was analysed to test if grain size has an effect on the rate of 
silcrete heat fracture, and if an assessment of the basic grain composition of the 
silcrete samples is capable of accounting for the variation in sample heat fracture 
during rapid heating. Due to the composition of both Australian sources and two of 
the three South African sources being floating fabrics, grain size was measured in 
terms of the percentage of fine-sized grains within each sample instead. 
 
There is a multitude of possible reasons for changing survivability rates of heated 
silcrete in relation to different grain sizes, though the most probable relates to the 
propositions of Schmidt (2016) and Wadley and Prinsloo (2014). Following Schmidt 
(2016), rocks with small grain size compositions have much smaller pore spaces for 
the expulsion of water during rapid heating, potentially making them more 
susceptible to failure. Following Wadley and Prinsloo (2014), the larger pores in 
silcretes with larger quartz grains may have more void space to accommodate the 
expansion of quartz grains across the phase transition.  
 
This result indicates that grain size may play some role in determining the 
survivability of silcrete, though could also indicate that more homogenous silcretes 
would display much better heat tolerance characteristics, a point mentioned in the 
engineering literature. This is witnessed in this experiment, where the presence of 
larger grain sizes in samples from the two primary sources are almost exclusively 
due to the presence of inclusions of impurities within the silcrete itself rather than as 





Unfortunately, due to the almost exclusive use of floating fabrics class silcrete in this 
experiment, there was relatively little variation among the Australian source samples, 
most of which contain 85% or higher contents of fine grain material, with a vast 
majority having around 95% composition of fine grain. The sole grain supported 
matrix class silcrete sample is from South Africa, being the Quartz Valley Source 
(A2), which did not contain enough samples to allow statistically meaningful 
analysis. As such, the grain size analysis in this study is likely only relevant for 
floating fabrics class silcrete.  
 
 
5.7 XRF data 
The use of XRF techniques was conducted in this experiment because of the large 
backing within the engineering literature on the effects of aluminium content on 
silcrete rapid heating characteristics and the role of “pure” silcrete in refractory brick 
manufacturing (Gilchrist 2013, Singer 2013, and Surendranathan 2014). In this 
respect, the results of this experiment were inconclusive.  
 
The two minerals examined here are silica (SiO2) and aluminium (Al2O3) and their 
abundance within the parent rocks. Due to the process of hand held XRF analysis, 
which involves 90 second exposures with continual user inputs, and the large 
quantity of samples, it was decided to conduct testing on selected samples of the 
largest (64cm³) pieces in order to give an overview of the different characteristics 
among the collected silcrete materials. In addition, the aim was to also judge from 
the limited sample pool if there is any noticeable difference in survival rates between 
samples of low silica but high aluminium content (impure silcretes) and those of high 
silica but low aluminium contents (Pure silcretes). Two different surfaces of each 
tested sample was analysed to average out any inconsistencies and to give a better 
overall representation of the samples constitution. This process proved to be 
impractical because the average variations occurring within the two recording of one 
sample were often as high as the variations seen between parent rocks and sources. 
To further the issues of the XRF analysis, the mass  of SiO2 and Al2O3 are both at 
the limits of non-destructive testing and thus the detected values likely carry 





As noted, and perhaps unsurprisingly, results of this analysis proved to be 
inconclusive, with no relationship observed. In part this reflects the limits of hand-
held XRF; further testing of sample composition should rely on the use of destructive 
bench-top XRF analysis on a larger scale, with multiple samples taken from each 
parent rock for testing. A second limitation is that the elemental testing was a post-
hoc addition to the experimental program; silcrete samples were not initially selected 
to explore the effects of SiO2 or Al2O3 on sample response to rapid heating. If this 
research question was implemented earlier on, sources providing regular, incremental 
and/or substantial variation in the abundance of these minerals would have been 
selected. Further testing using destructive analysis on appropriately selected silcretes 
to explore the influence of these factors is warranted.  
 
5.8 Utilisation of South African Samples 
The addition of the three South African sources in small sample quantities was 
conducted in order to assess whether patterns observed among the Australian 
samples represent a localised phenomenon or a trend that is generalizable to silcrete 
deposits elsewhere, such as in South Africa. .   
 
Due to the limited quantity of silcrete available, only a small number of samples 
were able to be produced from the South African silcrete, with only one sample in 
the 64 cm
3
 size categories from each source being heated to the three tested 
temperatures. Because of this, it would not be accurate to test their survival rate in 
comparison to those of the Australian source silcretes. Instead, the approach taken 
here was to visually compare patterns of the South African silcrete to the trends 
observed in the Australian samples. 
 
The visual inspection demonstrated that  changing sample volume do appear to affect 
the survival rates of South Africa samples, with smaller dimensions having greater 
rapid heating success then their larger counterparts. This pattern follows the 
observation made on the Australian samples. In addition, the use of different silcretes 




and overall makeup of silcretes. This helped to better demonstrate the huge variation 
seen within the classification of silcrete.  
 
Within this sub-experiment of the South African silcrete, it was evident again that the 
source of the silcrete played a major role in the overall heat survival rate of the 
samples. Silcrete samples from the two sources of Quartz Valley and Mustard Hill 
showed remarkable tolerance to rapid heating, rivalling even that of the Bendalong 
Point silcrete in terms of the survivorship rates. In contrast, the fine grained Olifants 
source silcrete proved highly intolerant to heat, with large mass loss of samples 
caused by heat-induced explosion. With respect to past heat treatment practices, 
approaches to the Olifants source would necessarily have to have been different than 
those applied to the other nearby sources.  
5.9 Colour Data 
Within this experiment, colour data was collect both before and after rapid heating to 
show the changes within the colour definition of sample pre and post rapid heating. 
This was conducted due to the notion that heating can alter the colour of stones and 
thus may help with identification of lithic samples that were subjected to high 
temperature heating. 
 
Despite the collection of this colour data, the analysis of this data was not conducted 
within this experiment as it was not believed to share any relation to the success of 
silcrete rapid heating. Instead, the data collection was conducted for further research 
on this topic and the utilisation of not only this colour data but also other independent 
colour datasets would likely have a positive impact on both the understanding of 
silcrete and the identification of lithic artefacts.  
5.10 Implications for Rapid Heating in Human Prehistory 
The implications of the findings of this study not only affect the science of lithic heat 
treatment in general but indicate the role of selection criteria on the success of early 
human tool creation. As seen within this experiment, the collection of material with 
poor heating characteristics could create little reward for the effort of early humans 
and have severely hindered the survival and advancement of such groups if excess 




heat. This is particularly true where the rock had high acquisition and transport costs 
(Ambrose 2006, Minichillo 2006).  
 
Currently there is debate about processes used to heat treat silcrete during human 
evolution – and particularly whether silcrete was highly sensitive to fracture under 
high heat rates thus requiring well-controlled gradients (Wadley and Prinsloo 2014), 
or whether the rock was relatively robust and thus tolerant of low-cost heating 
processes (Schmidt 2016). These different conceptions also entail different resource 
acquisition costs for early humans – whether heating could be achieved using 
domestic fires or whether purpose-built fires above buried silcretes were necessary. 
These different strategies would in turn be affected by the availability of fuel wood, 
and thus the viability of heat treatment could be effected by changing ecological 
factors (Brown and Marean 2010). 
 
These debates invariably approach silcrete as a raw material with a specific and 
consistent set of responses to heating. The results present above demonstrate that this 
is not the case. It is likely with the range of silcrete characteristics when exposed to 
rapid heating that different silcrete would have been treated differently within groups 
and regions during early human history. The reward-for-effort in regards to traveling 
long distances to collect more heat tolerant silcrete’s would likely have been much 
lower than the process of adapting the heating style groups used to create workable 
material from poor characteristic but localised silcrete deposits. This means that it is 
possible that many if not all current theories on silcrete treatment are correct with a 
multitude of different processes being utilised depending on location and material.  
 
It has been seen that the use of material located relatively far from its original source 
commonly occurred in stone artefact assemblages and thus the transportation of 
materials would have been a large drain on both time and resources for groups of 
prehistory people. As such, the collection of materials such as the Olifants source 
seen in South Africa, and the corresponding transportation of this material to its heat 
treatment site would have correlated in a low reward situation where little to no tools 





In contrast, early human groups which utilised the Bendalong Point source material 
would likely have encountered a high reward for their collection efforts due to the 
relative low failure rate despite differences in size and temperature, though this 
theory only relates to prehistory groups which did not have local material that could 
be easily sourced.  
 
An example of low effort material being preferred would likely be seen in locations 
close to or within the spatial range of sources of such rapid heating characterise 
material such as the Olifants material previously mentioned. This is although the 
material might have been noted as having an excessively high fracture rate the 
relative ease of material collection would make this a suitable choice for stone tool 
creation. In addition to this the effort and time saved from extensive transportation 
could be instead devoted to extra heating events and the further development of the 
heat treatment processes utilised thus allowing some groups of early humans to make 
a substantial number of suitable stone tools despite the use of poor materials. 
 
This correlating change in heating characteristics among sources could also be linked 
with the proposed multiple processes of heat treatment with such high failure rate 
material undergoing more extensive heat treatment processes, such as Sand Bathing 
technique, while materials with higher heat-fracture tolerance undergoing much 
simpler heating method. This observation adds additional variables that are required 
to be considered when discussing past heat treatment practices.  
 
As such, the identification of silcrete material and the correlating knowledge of heat 
treatment failure rates would have likely been a critical part in early stone tool 
creation for groups relying heavily on these sources. With knowledge of these 
characteristics, appropriate decisions on collection locations and heat treatment 
processes would have been utilised to create the maximum number and highest 




CONCLUSIONS AND RECOMMENDATIONS  
Conclusion 
Throughout this project the main decisive outcome has been the effect of intra-source 
and indeed inter-source variation on the failure rate of silcrete heat treatment, or 
more precisely the survival rates of silcrete material under the high strain 
environment seen within a rapid heating environment.  
 
Despite the evident variation between primary sources and the continuing trend seen 
within the South African samples, it would be inaccurate to assume that such 
variation is present in all silcrete depositional environments and further extensive 
testing would be required to further conclude this result.  
 
In addition, the project displayed results which do not coincide with the findings of 
previous studies. The two previous theories being Domanski and Webb (1992) and 
Schmidt (2016) which both highlighted the importance of the 550 degrees and 600 
degrees Celsius temperature range for successful silcrete heat treatment. In this 
experiment, these temperature ranges do not exhibit clear relationships with the 
degree of heat fracture in the tested samples, and indeed the general effect of 
temperature on the samples survival rates was seen to play an insignificant role in 
sample survivability under heating.  
 
The results here also complicate the findings of Mercieca and Hiscock (2008), 
namely, only sample volume appeared to have a significant role in affecting the heat 
treatment outcome. Importantly, the reaction of silcrete heat tolerance in relation to 
the changing size of samples varied among and within sources, indicating additional 
driving force for the alternating survival rates.  
 
The theory of water vapour escape, as proposed within Schmidt (2016), would likely 
be applicable to the results here, as  samples with greater volume (hence decreasing 
surface area to mass ratio). In addition, it was noticed that all samples, regardless of 
any visible signs of fracture, volume loss were recorded, though the use of only 




identical shape hindered the ability for any true conclusion on water vapour to be 
made with this experiment.   
 
Overall, this experiment was able to demonstrate that the selection of correct silcrete 
in regard to both source and parent rock would have been vital to ancient humans to 
maximise the reward for the effort in heat treatment, especially in localities where 
lithic material appropriate for heat alteration were scarce and required extensive 
transportation.  
 
Though this project does not give a broad conclusion as to the selection criteria with 
which ancient humans could have utilised, it has instead indicated a need to identify 
such variables and further classify the lithic category of silcrete. This process should 
be conducted before further research upon the category in regards to heat treatment 
can be conducted, and indeed offered reasoning as to the variation proposed variables 
and factors which dictate the success of rapid heating.  
 
Recommendations 
With the results here, it would be recommended that further study examining the 
variable that controls variation in heat treatment is needed. Importantly, the use of 
engineering literature would be valuable in the understanding of the roles of 
mineralogical composition, such as that of aluminium and silica, in affect the heat-
fracture tolerance of silcrete. In light of the experimental outcomes here, it would be 
strongly recommended for a well-designed sampling strategy to take place during 
sample collection and preparation. In addition, a destructive benchtop XRF would be 
better suited to characterise the geochemical composition of the silcrete samples in a 
more accurate and representative manner than the non-destructive XRF.  
Another area of interest would be the overall water saturation of samples. According 
to Schmidt (2016), varying internal moisture content may account for some variation 
in the heat fracture pattern of the tested samples here. To control for moisture, each 
sample should be allowed to dry for numerous days before testing to avoid excess 
moisture saturation. Also, quantitative measures of porosity and overall saturation 




Finally, the overall recommendation of this project would be a refinement in silcrete 
classification. As opposed to the current broad terminology that treats silcrete as a 
singular, uniform geological entity, it may be more appropriate to develop a finer 
characterising system that is relevant to heat tolerance. Much like the fabric 
classification system utilised in this study for the classification of grain constitution, 
it would be ultimately beneficial for the study of lithic heat treatment if relevant 
researched parameters of heat treatment were included in the characterisation of 
source material. This would allow further researchers to quickly and easily 
characterise the material which they are studying and allow others to recognise the 
characteristics of studied material without extensive comparison testing.  
As this project demonstrated, the current system of classification that treats all 
silcrete types together as a singular category is evidently an inappropriate basis for 
examination of heat treatment, as huge variation in heat survivability was 
demonstrated both among and within sources. As such, source-specific treatment of 
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APPENDIX A SOURCE LOCATIONS 
SOUTH COAST
 


















Mollymook M1 60 Low Fracture 
Tendency 
 























B2 60 High Fracture 
Tendency- All 




B3 60 High Fracture 
Tendency- All 












A2 24 High Fracture 
Tendency 
 








APPENDIX C INDIVIDUAL SAMPLES 
Source Size Parent 
Rock 
Picture 
Mollymook 1cm³ 1 
 
Mollymook 1cm³ 2 
 

















Mollymook 8cm³ 1 
 






















Mollymook 27cm³ 1 
 
Mollymook 27cm³ 2 
 






















Mollymook 64cm³ 2 
 





















































M2-3c-8 M2-3c-7 M1-3c-7 M2-3c-9 Back
M3-3c-6 M1-3c-8 B1-3c-9 M3-3c-9
M2-3c-6 M1-3c-6 M1-3c-9 M3-3c-7
M1-3c-10 M2-3c-10 B1-3c-8 M3-3c-8
B1-3c-10 B1-3c-7 M3-3c-10 B1-3c-6
Door
After Burn Map
B1-3c-2 M2-3c-4 M2-3c-1 B1-3c-4 Back
M3-3c-3 M1-3c-2 M3-3c-2 B1-3c-3
M2-3c-3 M3-3c-5 B1-3c-5 B1-3c-1
M2-3c-5 M1-3c-3 M1-3c-5 M1-3c-4
M2-3c-2 M3-3c-4 M1-3c-1 M3-3c-1
Door
After Burn Map
B3-2-9 M2-2-7 B1-2-6 M3-2-6 B2-2-9 Back
B3-2-7 B2-2-8 M1-2-8 M1-2-4 B3-2-8
B1-2-7 M3-2-9 B1-2-9 M1-2-9 M2-2-10
M3-2-7 M2-2-8 B3-2-6 M1-2-10 M2-2-9
M3-2-10 M2-2-6 B1-2-8 M3-2-8 B1-2-10






Burn 6: 600 Degree, Bannister and Bendalong 2cm
Before Burn Comments
Placed in at 8:50am 20/4
Opened at 9:05am 21/4 at 70 degrees
5 clumps of insluation no bigger than 2mm wide
Burn 7: 550 Degrees, Bannister Point 4cm
Before Burn Comments
Entered at 7:50am 25/4
exited at 5:48am 26/4 at 107 degrees
3*1mm clumps of insulation
Burn 8: 550 Degrees, Bannister all, Bendalong 1-3cm 
Before Burn Comments
Entered at 6:45am 26/4
Exited at 10am 27/4 at 66 degrees
5 x 0.5mm flakes of insulation
Burn 9: 550 Degrees, Bannister att 4cm
Before Burn Comments
Entered at 1:30pm 27/4
Opened at 10am at 99 degrees
0 insulation remnants found
Burn 10: 550 Degrees, Bendalong and South Africa 3cm
Before Burn Comments
Entered at 1:05pm 28/4
Removed at 9:15am 29/4 at 90 degrees
Lesser Volume within oven then average
Burn 11: 550 degrees, Bendalong, Bannister ,Africa 1cm
Before Burn Comments
Entered at 10am 29/4
Removed at 10am 30/4 at 90 degrees






M3-2-4 M3-2-3 B1-2-5 M3-2-2 B2-2-2 Back
B2-2-1 M3-2-5 M3-2-1 M1-2-3 B3-2-4
M2-2-5 B1-2-1 B1-2-4 M3-2-5 M1-2-1
B1-2-2 M2-2-4 M2-2-1 B3-2-1 M1-2-5
B3-2-2 B1-2-3 M1-2-4 B2-2-4 B3-2-3
B2-2-5 M1-2-2 M2-2-2 M2-2-3 B2-2-3
Door
After Burn Map







M3-3-14 M1-3-11 M2-3-13 M1-3-14 Back
M3-3-11 M2-3-12 B1-3-12 M1-3-12
M1-3-15 M2-3-11 M3-3-15 M3-3-13
B1-3-15 B1-3-13 M1-3-13 M2-3-15
B1-3-11 M2-3-14 B1-3-14 M2-3-12
Door
After Burn Map







B2-3-13 A1-3-3 B2-3-12 B3-3-15 Back
A2-3-3 B3-3-12 B2-3-14 A3-3-3




B2-1-13 M3-1-11 M1-1-11 M1-1-13 A1-1-7 Back
B3-1-14 B2-1-14 B3-1-15 M1-1-14 A3-1-8
B1-1-15 B2-1-12 B2-1-11 M2-1-14 M3-1-14
A3-1-9 M2-1-15 B2-1-15 M3-1-13 B3-1-11
A1-1-8 M1-1-14 M1-1-12 M3-1-12 A2-1-9
B3-1-13 A2-1-8 B1-1-14 M1-1-13 B1-1-11
B2-1-12 B3-1-12 B1-1-13 M2-1-11 B1-1-12





Burn 12: 700 Degrees, Bendalong, Bannister, Africa 1cm
Before Burn Comments
Entered at 11:40am 30/4
Some explosions prior to door closing
Removed at 11am 1/5 at 75 degrees
No insulation found
Burn 13: 600 Degrees, Bendalong, Bannister, Africa 1cm
Before Burn Comments
Entered at 1pm 1/5
Exited at 6:30pm 2/5 at 47 degrees
1 x 1mm piece of insulation
Post picture Unavaliable
Burn 14: 600 Degrees, Bendalong 4cm
Before Burn Comments
Entered at 7:30pm 2/5
Removed at 11am 3/5 at 157 degrees
2 0.5mm specs of insulation
Burn 15: 700 Degrees, Bendalong 4cm
Before Burn Comments
Entered at 2:10pm 3/5
Removed at 6am 5/4 at 47 degrees
No Insulation Found
All samples had some form of crack but held together
Burn 16: 600 Degree's, Bendalong 3cm, Africa 3cm and 4cm
Before Burn Comments
Entered at 6:45am 5/5
Removed at 10:30am 6/5 at 50 degrees






A2-1-4 B1-1-8 A1-1-6 M2-1-8 B1-1-7 Back
M1-1-10 M3-1-8 A2-1-6 B3-1-6 B1-1-9
M1-1-6 A1-1-4 B3-1-7 M2-1-7 B2-1-10
B1-1-10 M1-1-7 A3-1-4 A1-1-5 B3-1-9
B2-1-6 M3-1-10 M1-1-8 B2-1-7 M3-1-10
B2-1-9 M3-1-10 M3-1-9 B2-1-8 B1-1-6
M2-1-6 B1-1-6 A3-1-6 B3-1-10 A2-1-5
M2-1-9 M1-1-9 A3-1-5 B3-1-8
After Burn Map
B3-1-2 A1-1-3 B1-1-4 M3-1-5 M2-1-3 Back
N/A M3-1-4 M2-1-5 B3-1-1 B1-1-2 M3-1-5
A2-1-2 M1-1-5 A2-1-1 M1-1-4 M2-1-2
B1-1-3 A3-1-2 B3-1-3 B1-1-5 M1-1-2
M2-1-1 M1-1-3 A2-1-3 B1-1-1 A3-1-3
B2-1-3 B3-1-5 M2-1-4 A3-1-1 A1-1-2
B2-1-5 B2-1-2 B2-1-4 A1-1-1 B2-1-10
B2-1-5 M3-1-1 B3-1-4 M1-1-1
After Burn Map














B3-3-2 B2-3-2 B3-3-1 A2-3-1 Back
A3-3-1 B3-3-3 B3-3-5 A1-3-1















Burn 17: 700 Degree's, Bendalong 3cm, Africa 3cm and 4cm
Before Burn Comments
Entered at 11:45am 6/5
Removed at 11:00am 7/5 at 99 Degrees
2x 2mm insulation pieces found
Burn 18: 550 Degrees, Bendalong and Bannister 2cm, Africa 4cm
Before Burn Comments
Entered at 11:40am 7/5




B2-3-7 A2-3-2 B2-3-8 B2-3-9
B2-3-6 B3-3-9 A3-3-2 B3-3-10





B1-2-13 M2-2-13 M1-2-12 M2-2-11 M1-2-14
B1-2-12 B2-2-14 B1-2-11 M3-2-11 B1-2-14
M2-2-12 B2-2-12 M1-2-11 M3-2-13 M2-2-14
B3-2-14 B2-2-11 B3-2-11 M1-2-13 B3-2-12






APPENDIX E SAMPLE DATA 
 
id input_date_pre volume weight_pre_g Roberts_class flaws
 voids % %_grain %_matrix %_fine %_medium
 %_coarse sorting r_pre g_pre b_pre pXRF? 
 temp done? burn_date input_date_post outcome
 complete? crazing breakage_type weight_post r_post
 g_post b_post Largest Piece Weight % of original % Outcome
 Notes   n_intact_surfaces n_distinct_scars
 internal_weathered_surface potlids? 
M1-4c-1 13/04/2016 64 199.2 F N 2 20 80 85
 15 0 even 179.93 175.03 170.35   600 X
 15-Apr 16-Apr Fractured  N Y N 172.41 166.28
 159.76 126.5 63.50401606 Fractured    2 1
 1 N 
M1-4c-2 13/04/2016 64 156.9 F Y 2 10 90 85
 15 0 even 146.66 146.84 141.84 2248 2249 600 X
 15-Apr 16-Apr Exploded  N Y N 148.11 143.54
 134.52 56.2 35.81899299 Exploded    0 2
 Y N 
M1-4c-3 13/04/2016 64 156.4 F N 2 15 85 80
 15 5 even 171.6 173.09 169.7   600 X
 15-Apr 16-Apr Exploded  N Y N 171.96 159.49
 153.97 18.7 11.95652174 Exploded    0 2
 N N 
M1-4c-4 13/04/2016 64 160 F Y 2 15 85 80
 15 5 even 163.13 160.06 153.82 2250 2251 600 X
 15-Apr 16-Apr Fractured  N Y N 169.58 141.68
 122.59 135.6 84.75 Fractured    0 3 Y
 Y 
M1-4c-5 13/04/2016 64 188.5 F N 5 10 90 90




 15-Apr 16-Apr Survived  N Y 185.8 184.89 173.3
 164.74 185.8 98.56763926 Survived 58.91943401   0
 0 N N 
M1-4c-6 13/04/2016 64 165 F Y 2 10 90 80
 15 5 even 178.85 176.47 169.72   700 X
 13-Feb 14-Feb Exploded  N Y N   
  0 Exploded Unfound   N N N
 N 
M1-4c-7 13/04/2016 64 171 F N 5 20 80 80
 15 5 even 170.54 167.01 159.89 2252 2253 700 x
 13-Feb 14-Feb Exploded  N Y N   
  0 Exploded Unfound   N N N
 N 
M1-4c-8 13/04/2016 64 159.3 F N 2 10 90 75
 25 0 even 146.96 150.95 149.2   700 X
 13-Feb 14-Feb Exploded  N Y N   
  0 Exploded Unfound   N N N
 N 
M1-4c-9 13/04/2016 64 169.8 F N 2 10 90 85
 10 5 even 150.58 152.32 151.67 2254 2255 700 X
 13-Feb 14-Feb Exploded  N Y N   
  0 Exploded Unfound   N N N
 N 
M1-4c-10 13/04/2016 64 183.9 F N 2 15 85 85
 15 0 even 159.14 157.91 152.03   700 X
 13-Feb 14-Feb Explosion  N Y N 177.32 162.26
 148.88 70.3 38.22729744 Exploded    0 2
 N N 
M1-4c-11 13/04/2016 64 190 F N 2 10 90 90
 10 0 even 158.52 159.78 158   550 X
 25-Apr 26-Apr Exploded  N Y N 165.19 149.85
 142.8 89 46.84210526 Exploded    1 1




M1-4c-12 13/04/2016 64 202.4 F N 2 10 90 90
 10 0 even 145.53 151.23 151.75 2256 2257 550 X
 25-Apr 26-Apr Exploded  N Y N 173.34 155.86
 144.44 36.5 18.03359684 Exploded    0 3
 N Y 
M1-4c-13 13/04/2016 64 202.1 F N 2 15 85 85
 15 0 even 138.69 145.06 145.31   550 X
 25-Apr 26-Apr Exploded  N Y N 156.35 142.36
 133.47 28.8 14.2503711 Exploded    0 3
 N N 
M1-4c-14 13/04/2016 64 199.3 F N 2 10 90 85
 15 0 even 152.86 158.5 158.41 2258 2259 550 X
 25-Apr 26-Apr Exploded  N Y N 166.6 154.35
 147.26 45.2 22.67937782 Exploded    0 4
 N Y 
M1-4c-15 13/04/2016 64 169.3 F N 2 10 90 90
 10 0 even 192.38 188.38 182.17   550 X
 25-Apr 26-Apr Exploded  N Y N 113.64 104.53
 102 67 39.57471943 Exploded 28.27603409   1
 3 N N 
M2-4c-1 13/04/2016 64 177.9 F N 5 5 95 90
 10 0 even 159.88 153.58 143.47   600 X
 15-Apr 16-Apr Survived  N N 155.3 151.48 138.29
 129.14 155.3 87.29623384 Fractured    6 0
 N N 
M2-4c-2 13/04/2016 64 175.6 F Y 10 10 90 90
 10 0 even 170.78 165.77 156.58 2262 2263 600 X
 15-Apr 16-Apr Exploded  N Y N 169.56 153.37
 146.6 44.4 25.28473804 Exploded    0 2
 N N 
M2-4c-3 13/04/2016 64 154.1 F Y 3 5 95 90
 10 0 even 161.8 159.02 151.51   600 X




 150.3 147.2 95.52238806 Survived    5 1
 N N 
M2-4c-4 13/04/2016 64 199 F N 3 15 85 95
 5 0 even 171.43 167.68 159.49 2260 2261 600 X
 15-Apr 16-Apr Survived  N N 155.5 167.94 150.41
 135.74 155.5 78.14070352 Fractured    5 1
 N N 
M2-4c-5 13/04/2016 64 172.9 F Y 3 15 85 95
 5 0 even 169.32 165.37 157.65   600 x
 15-Apr 16-Apr Survived  N N 158.4 156.59 144.05
 133.38 158.4 91.61364951 Survived 75.57154259   6
 0 N N 
M2-4c-6 13/04/2016 64 181.2 F N 5 10 90 90
 10 0 even 170.53 167.86 161.24   700 x
 13-Feb 14-Feb Exploded  N Y N   
  0 Exploded Unfound   0 N N
 N 
M2-4c-7 13/04/2016 64 167.8 F Y 3 10 90 85
 15 0 even 161.34 150.78 134.54 2264 2265 700 X
 13-Feb 14-Feb Exploded  N Y N   
  0 Exploded Unfound   0 N N
 N 
M2-4c-8 13/04/2016 64 161.9 F N 5 10 90 85
 15 0 even 174.57 171.39 163.34   700 X
 13-Feb 14-Feb Exploded  N Y N   
  0 Exploded Unfound   0 N N
 N 
M2-4c-9 13/04/2016 64 179.9 F N 3 5 95 95
 5 0 even 175.77 170.83 162.46 2268 2269 700 X
 13-Feb 14-Feb Survive  N Y 168.9 170.04 158.2
 150.09 168.9 93.88549194 Survived    6 0




M2-4c-10 13/04/2016 64 160.3 F Y 5 15 85 90
 10 0 even 169.24 165.24 156.5   700 X
 13-Feb 14-Feb Exploded  N Y N   
  0 Exploded Unfound     
  
M2-4c-11 13/04/2016 64 173 F Y 7 15 85 85
 15 0 even 170.99 164.07 152.76   550 X
 25-Apr 26-Apr Exploded  N Y N 175.37 162.41
 150.3 36.8 21.2716763 Exploded    0 1
 Y N 
M2-4c-12 13/04/2016 64 196.3 F N 2 5 95 95
 5 0 even 185.82 172.54 155.32 2270 2271 550 X
 25-Apr 26-Apr Survived  N N 194.5 144.6 131.52
 121.35 194.5 99.08303617 Survived    6 0
 N N 
M2-4c-13 13/04/2016 64 181.1 F Y 5 10 90 90
 10 0 even 172.9 166.29 156.7   550 X
 25-Apr 26-Apr Fractured  N Y N 159.5 149.47
 138.44 104.9 57.92379901 Fractured    3 1
 N N 
M2-4c-14 13/04/2016 64 168.1 F Y 7 15 85 85
 10 5 even 174.63 168.71 159.65 2272 2273 550 X
 25-Apr 26-Apr Exploded  N Y N 164.46 153.03
 143.64 43.1 25.6395003 Exploded    0 3
 Y N 
M2-4c-15 13/04/2016 64 166.7 F Y 10 10 90 90
 10 0 even 177.19 170.68 160.02   550 X
 25-Apr 26-Apr Exploded  N Y N 144.28 124.39
 114.89 44.3 26.57468506 Exploded    0 4
 N N 
M3-4c-1 13/04/2016 64 199.8 F N 2 5 95 95
 5 0 even 201.43 197.01 190.08   600 X




 157.92 50.8 25.42542543 Exploded    0 2
 Y N 
M3-4c-2 13/04/2016 64 221.1 F N 2 5 95 95
 5 0 even 183.85 179.09 170.43 2274 2275 600 X
 15-Apr 16-Apr Fractured  N Y N 177.58 162.31
 152.93 104.1 47.08276798 Exploded    1 1
 N N 
M3-4c-3 13/04/2016 64 172.3 F Y 2 5 95 95
 5 0 even 158.8 155.11 148.63   600 X
 15-Apr 16-Apr Exploded  N Y N 153.6 141.14
 128.09 29 16.83110853 Exploded    0 3
 Y Y 
M3-4c-4 13/04/2016 64 203.5 F N 2 3 97 97
 3 0 even 195.71 189.9 180.67 2276 2277 600 X
 15-Apr 16-Apr Fractured  N Y N 189.24 171.52
 157.42 80 39.31203931 Exploded    0 2
 N N 
M3-4c-5 13/04/2016 64 148 F N 2 5 95 95
 5 0 even 174.97 171.63 165.32   600 X
 15-Apr 16-Apr Fractured  N Y N 155.92 133.67
 122.43 41 27.7027027 Exploded    0 2
 Y Y 
M3-4c-6 13/04/2016 64 196.4 F N 2 5 95 90
 10 0 even 183.76 178.85 171.15   700 X
 13-Feb 14-Feb Fracture  N Y N 179.24 163.45
 150.94 171.5 87.32179226 Fractured    5 1
 N N 
M3-4c-7 13/04/2016 64 203.6 F N 2 5 95 95
 5 0 even 177.76 168.45 162.45 2278 2279 700 X
 13-Feb 14-Feb Exploded  N Y N   





M3-4c-8 13/04/2016 64 182.7 F N 3 5 95 90
 10 0 even 198.85 196.83 192.32   700 X
 13-Feb 14-Feb Survive  N Y 183.7 172.14 151.12
 134.16 183.7 100.5473454 Survived fractures   6
 0 N N 
M3-4c-9 13/04/2016 64 173.3 F N 2 3 97 97
 3 0 even 200.39 197.5 191.37 2280 2281 700 X
 13-Feb 14-Feb Explode  N Y N   
  0 Exploded Unfound   N N N
 N 
M3-4c-10 13/04/2016 64 212.4 F N 2 5 95 90
 10 0 even 190.19 178.46 172.62   700 X
 13-Feb 14-Feb Survive  N Y 168.8 165.94 143.43
 138.2 40.3 18.97363465 Exploded    0 2
 N N 
M3-4c-11 13/04/2016 64 173.4 F N 5 5 95 90
 10 0 even 184.49 179.67 170.95   550 X
 25-Apr 26-Apr Fractured  N Y N 172.55 157.82
 142.45 135.3 78.02768166 Fractured    5 1
 N N 
M3-4c-12 13/04/2016 64 197.2 F N 3 7 93 85
 15 0 even 174.76 165.55 159.83 2282 2283 550 X
 25-Apr 26-Apr Exploded  N Y N 175.7 156.82
 146.84 29.6 15.01014199 Exploded    0 3
 N N 
M3-4c-13 13/04/2016 64 179.7 F N 2 5 95 90
 10 0 even 189.96 186.6 180.07   550 X
 25-Apr 26-Apr Survived  N N 178.3 166.6 158.69
 152.68 178.2 99.16527546 Survived    6 0
 N N 
M3-4c-14 13/04/2016 64 204 F N 2 7 93 90
 10 0 even 184.56 181.2 175.98 2285 2286 550 X




 161.99 99.5 48.7745098 Exploded    1 1
 N N 
M3-4c-15 13/04/2016 64 180 F N 2 5 95 90
 10 0 even 190.05 186.53 180.15   550 X
 25-Apr 26-Apr Exploded  N N N 174.37 159.25
 149.6 65.8 36.55555556 Exploded    1 2
 N N 
M1-3c-1 15/04/2016 27 70.4 F N 4 10 90 85
 15 0 even 188.97 185.96 177.64   600 X
 18-Apr 19-Apr Exploded  N Y N 167.7 145.74
 136.97 51.8 73.57954545 Fractured    1 2
 N N 
M1-3c-2 15-Apr 27 80 F N 7 7 93 90 10
 0 even 154.97 157.28 155.37   600 X 18-Apr
 19-Apr Survived  N Y 79.6 189.02 166.99 153.28
 79.6 99.5 Survived    6 0 N N 
M1-3c-3 15-Apr 27 86.4 F N 3 5 95 90 10
 0 even 150.1 151.45 145.33   600 X 18-Apr
 19-Apr Fractured  N N N 148.14 134.8 126.12
 44.4 51.38888889 Fractured    2 1 N
 N 
M1-3c-4 15-Apr 27 83.9 F N 3 10 90 90 10
 0 even 171.11 171.96 167.68   600 X 18-Apr
 19-Apr Fractured  N Y N 188 171.73 164.54
 47.7 56.8533969 Fractured    1 1 N
 N 
M1-3c-5 15-Apr 27 74.8 F N 7 15 85 80 15
 5 even 170.04 170.71 167.11   600 X 18-Apr
 19-Apr Survived  N Y 74.5 151.59 142.86 133.67
 74.5 99.59893048 Survived    6 0 N
 N 
M1-3c-6 15-Apr 27 80.5 F N 5 15 85 85 15




 18-Apr Exploded  N Y N 188.19 166.93 149.77
 30.4 37.76397516 Exploded    1 2 N
 N 
M1-3c-7 15-Apr 27 78.8 F N 3 10 90 90 10
 0 even 159.14 159.76 155.53   700 X 16-Apr
 18-Apr Exploded  N Y N 181.93 152.89 140.12
 30.6 38.83248731 Exploded    0 2 N
 N 
M1-3c-8 15-Apr 27 74.8 F N 7 10 90 85 10
 5 even 192.9 187.09 176.83   700 X 16-Apr
 18-Apr Survived  N N 74 179.75 152.94 129.37 74
 98.93048128 Survived    6 0 N N 
M1-3c-9 15-Apr 27 67.8 F N 3 25 75 85 15
 0 even 162.75 165.91 162.64   700 X 16-Apr
 18-Apr Survived  N N 67.9 163.27 149.69 136.42
 67.9 100.1474926 Survived    6 0 N
 N 
M1-3c-10 15-Apr 27 91.2 F N 2 10 90 85 15
 0 even 148.44 150.6 149.65   700 X 16-Apr
 18-Apr Exploded  N Y N 150.1 144.5 137.71
 20.1 22.03947368 Exploded    2 1 N
 N 
M1-3c-11 15-Apr 27 83 F N 5 10 90 90 10
 0 even 180.8 179.45 174.34   550 X 26-Apr
 27-Apr Exploded  N Y N 174.9 161.05 154.53
 15.5 18.6746988 Exploded    1 4 N
 Y 
M1-3c-12 15-Apr 27 78.6 F N 3 7 93 95 5
 0 even 178.08 176.28 170.64   550 X 26-Apr
 27-Apr Survived  N N 78.3 167.34 152.7 139.63





M1-3c-13 15-Apr 27 72.2 F N 2 10 90 85 15
 0 even 178.08 176.28 170.64   550 X 26-Apr
 27-Apr Survived  N N 52.2 173.38 158.1 149.42
 52.2 72.29916898 Fractured    4 1 N
 N 
M1-3c-14 15-Apr 27 71.3 F N 5 15 85 85 15
 0 even 187.64 183.24 173.72   550 X 26-Apr
 27-Apr Survived  N N 70.5 167.95 150 133.16
 70.5 98.87798036 Survived    6 0 N
 N 
M1-3c-15 15-Apr 27 87 F N 10 10 90 85 15
 0 even 162.98 165.31 161.34   550 X 26-Apr
 27-Apr Fractured  N Y N 172.23 156.92 149.16
 48.4 55.63218391 Fractured    3 1 N
 N 
M2-3c-1 15-Apr 27 80.3 F N 15 5 95 95 5
 0 even 155.43 149.88 140.32   600 X 18-Apr
 19-Apr Fractured  N Y 71.3 156.12 147.32 138.86
 70.8 88.16936488 Fractured    5 1 Y
 Y 
M2-3c-2 15-Apr 27 76.5 F N 15 5 95 95 5
 0 even 179.87 167.46 153.21   600 X 18-Apr
 19-Apr Survived  N Y 75.8 171.39 154.05 136.48
 75.8 99.08496732 Survived Large evacuation holes  
 6 0 N N 
M2-3c-3 15-Apr 27 65.8 F N 15 5 5 95 5
 0 even 159.17 156.41 149.54   600 X 18-Apr
 19-Apr Exploded  N Y N 155.83 135.13 122.32
 33.3 50.60790274 Fractured    1 3 Y
 N 
M2-3c-4 15-Apr 27 83.6 F N 10 10 90 90 10
 0 even 167.08 162.74 154.93   600 X 18-Apr




 82.9 99.16267943 Survived    6 0 N
 N 
M2-3c-5 15-Apr 27 64.3 F Y 20 10 90 85 10
 5 even 175.57 160.1 142.33   600 X 18-Apr
 19-Apr Exploded  N Y N 167.23 157.81 150.63
 25.6 39.81337481 Exploded    0 3 Y
 N 
M2-3c-6 15-Apr 27 62.4 F N 20 10 90 90 10
 0 even 173.67 159.26 144.51   700 X 16-Apr
 18-Apr Exploded  N Y N 189.23 171.18 154.51
 37.6 60.25641026 Fractured    3 2 N
 N 
M2-3c-7 15-Apr 27 58.2 F N 10 10 90 90 10
 0 even 158.83 150.49 139.25   700 X 16-Apr
 18-Apr Fractured  N Y N 162.26 142.7 130.07 58
 99.65635739 Survived    6 0 N N 
M2-3c-8 15-Apr 27 76.8 F N 7 5 95 95 5
 0 even 193.81 178.45 160.15   700 X 16-Apr
 18-Apr Fractures  N Y N 178.27 155.2 134.97
 66.4 86.45833333 Fractured    5 1 Y
 N 
M2-3c-9 15-Apr 27 83.8 F N 15 10 90 85 15
 0 even 169.82 167.43 162.07   700 X 16-Apr
 18-Apr Exploded  N Y N 154.51 140.49 131.82
 37.2 44.39140811 Exploded    1 5 Y
 Y 
M2-3c-10 15-Apr 27 85.7 F N 15 10 90 85 15
 0 even 157.52 153.8 146.17   700 X 16-Apr
 18-Apr Fractured  N Y N 149.59 138 127.94
 83.4 97.31621937 Survived    6 0 N
 N 
M2-3c-11 15-Apr 27 86.2 F N 10 10 90 90 10




 27-Apr Fractured  N Y N 144.69 126.67 112.79 73
 84.68677494 Fractured    5 1 Y N 
M2-3c-12 15-Apr 27 78.4 F N 15 10 90 90 10
 0 even 187.55 174.44 158.06   550 X 26-Apr
 27-Apr Exploded  N Y N 168.71 147.74 127.9
 18.8 23.97959184 Exploded    0 3 Y
 N 
M2-3c-13 15-Apr 27 65.2 F N 10 10 90 90 10
 0 even 181.85 175.07 162.74   550 X 26-Apr
 27-Apr Fractured  N Y N 163.87 155.3 146.15
 38.2 58.58895706 Fractured    1 2 Y
 N 
M2-3c-14 15-Apr 27 67.5 F N 5 10 90 90 10
 0 even 172.72 158.07 144.18   550 X 26-Apr
 27-Apr Fractured  N Y N 164.24 155.99 146.5
 38.2 56.59259259 Fractured    1 3 Y
 N 
M2-3c-15 15-Apr 27 81.1 F N 15 10 90 85 15
 0 even 162.54 145.13 129.33   550 X 26-Apr
 27-Apr Survived  N N 80.1 171.31 151.83 132.06
 80.1 98.76695438 Survived    6 0 N
 N 
M3-3c-1 15-Apr 27 110.3 F N 7 10 90 85 10
 5 even 178.1 165.69 160.23   600 X 18-Apr
 19-Apr Fractured  N Y N 189.36 178.79 169.79
 61.9 56.11967362 Fractured    3 1 N
 N 
M3-3c-2 15-Apr 27 110 F N 7 10 90 90 10
 0 even 170.09 162.5 158.66   600 X 18-Apr
 19-Apr Survived  N Y 109.3 189.59 165.79 144.97





M3-3c-3 15-Apr 27 114.7 F N 7 10 90 90 10
 0 even 140.37 131.17 125.75   600 X 18-Apr
 19-Apr Exploded  N Y N 165.49 146.71 138.59
 10.3 8.97994769 Exploded    0 3 N
 Y 
M3-3c-4 15-Apr 27 112.6 F N 7 10 90 90 10
 0 even 165.96 154.08 149.21   600 X 18-Apr
 19-Apr Fractured  N Y N 188.02 165.25 148.83
 41.3 36.67850799 Exploded    1 1 N
 N 
M3-3c-5 15-Apr 27 121.7 F N 7 10 90 90 10
 0 even 158.33 153.17 148.97   600 X 18-Apr
 19-Apr Survived  N N 121.1 179.4 168 158.19
 121.1 99.50698439 Survived    6 0 N
 N 
M3-3c-6 15-Apr 27 107.7 F N 3 10 90 95 5
 0 even 172.65 161.2 156.7   700 X 16-Apr
 18-Apr Survived  N N 106.7 196.4 173.29 153.22
 106.7 99.07149489 Survived    6 0 N
 N 
M3-3c-7 15-Apr 27 126.1 F N 7 5 95 90 10
 0 even 184.34 178.08 172.13   700 X 16-Apr
 18-Apr Exploded  N Y N 192.16 171.97 157.62 20
 15.86042823 Exploded    1 3 N N 
M3-3c-8 15-Apr 27 103.7 F N 3 5 95 90 10
 0 even 167.15 161.25 156.14   700 X 16-Apr
 18-Apr Exploded  N Y N 127.52 102.86 94.47 35
 33.7512054 Exploded    0 3 N N 
M3-3c-9 15-Apr 27 91.5 F N 3 5 95 90 10
 0 even 165.8 160.23 156.67   700 X 16-Apr
 18-Apr Exploded  N Y N 196.88 173.34 156.91





M3-3c-10 15-Apr 27 95.8 F N 3 10 90 90 10
 0 even 168.53 162.43 156.98   700 X 16-Apr
 18-Apr Survive   N N 95.5 179.82 162.87 148.07
 95.5 99.6868476 Survived    6 0 N
 N 
M3-3c-11 15-Apr 27 105.3 F N 3 10 90 90 10
 0 even 165.66 159.15 154.92   550 X 26-Apr
 27-Apr Survived  N N 104.7 174.88 162.92 152.39
 104.7 99.43019943 Survived    6 0 N
 N 
M3-3c-12 15-Apr 27 122.2 F N 3 5 5 90 10
 0 even 186.43 179.76 173.33   550 X 26-Apr
 27-Apr Exploded  N Y N 181.12 159.11 146.92
 33.6 27.49590835 Exploded    2 3 N
 N 
M3-3c-13 15-Apr 27 115.9 F N 3 5 95 90 10
 0 even 174.12 167.19 161.18   550 X 26-Apr
 27-Apr Exploded  N Y N 177.6 156.58 142.04
 28.8 24.84900777 Exploded    0 3 N
 N 
M3-3c-14 15-Apr 27 122.7 F N 5 10 90 90 10
 0 even 167.95 161.33 156.14   550 X 26-Apr
 27-Apr Survived  N N 121.8 175.84 166.23 157.83
 121.8 99.26650367 Survived    6 0 N
 N 
M3-3c-15 15-Apr 27 111.6 F N 5 10 90 90 10
 0 even 188.35 176.31 168.26   550 X 26-Apr
 27-Apr Survived  N N 109.8 176.19 161.66 149.64
 109.8 98.38709677 Survived Cut marks   6 0
 N N 
M1-2c-1 16-Apr 8 28.7 F N 3 10 90 90 10
 0 even 174.58 172.2 168.25   600 X 20-Apr




 15.1 52.61324042 Fractured    1 1 N
 N 
M1-2c-2 16-Apr 8 27.3 F N 3 7 93 90 10
 0 even 171.93 165.54 160.89   600 X 20-Apr
 21-Apr Survived  N N 27.2 165.7 146.8 140.07
 27.2 99.63369963 Survived    6 0 N
 N 
M1-2c-3 16-Apr 8 27.4 F N 3 10 90 90 10
 0 even 170.65 168.28 164.76   600 X 20-Apr
 21-Apr Survived  N N 27.4 170.92 149.01 134.41
 27.4 100 Survived    6 0 N N 
M1-2c-4 16-Apr 8 23.5 F N 10 7 93 90 10
 0 even 158.81 154.5 147.3   600 X 20-Apr
 21-Apr Exploded  N N N 176.45 150.6 134.2 7.8
 33.19148936 Exploded    1 1 N N 
M1-2c-5 16-Apr 8 25.7 F N 5 10 90 90 10
 0 even 180.74 178.76 172.14   600 X 20-Apr
 21-Apr Survived  N N 25.6 171.35 155.41 142.73
 25.6 99.61089494 Survived    6 0 N
 N 
M1-2c-6 16-Apr 8 23.6 F N 5 10 90 90 10
 0 even 171.3 166.8 159.28   700 X 19-Apr
 20-Apr Fractured  N Y N 169.02 160.17 149.88
 11.5 48.72881356 Exploded    1 1 N
 N 
M1-2c-7 16-Apr 8 26.6 F N 3 10 90 90 5
 5 even 155.56 173.02 164.56   700 X 19-Apr
 20-Apr Survived  N N 26.6 176.44 161.79 149.78
 26.6 100 Survived    6 0 N N 
M1-2c-8 16-Apr 8 27.2 F N 7 10 90 90 10
 0 even 156.14 157.32 146.58   700 X 19-Apr
 20-Apr Survived  N N 27 169.92 150.73 134.68 27




M1-2c-9 16-Apr 8 22.3 F N 5 10 90 90 10
 0 even 173.87 176.47 168.47   700 X 19-Apr
 20-Apr Survived  N N 22.2 171.57 151.36 135.05
 22.2 99.55156951 Survived    6 0 N
 N 
M1-2c-10 16-Apr 8 27.4 F N 3 10 90 90 10
 0 even 158.78 167.03 161.39   700 X 19-Apr
 20-Apr Fractured  N N 24.3 175.68 162.16 146.98
 24.3 88.68613139 Fractured    5 1 N
 N 
M1-2c-11 16-Apr 8 24.7 F N 5 10 90 90 10
 0 even 171.8 174.44 172.95   550 X 7-May 9-
May Survived  N N 24.7 156.63 148.6 139.87 24.7
 100 Survived    6 0 N N 
M1-2c-12 16-Apr 8 22.1 F N 5 15 85 85 15
 0 even 174.12 174.28 165.28   550 X 7-May 9-
May Survived  N N 21.8 157.81 146.27 135.49 21.8
 98.64253394 Survived    6 0 N N 
M1-2c-13 16-Apr 8 23.5 F N 3 10 90 95 5
 0 even 169.1 169.13 166.04   550 X 7-May 9-
May Survived  N N 23.5 156.14 147.44 138.4 23.5
 100 Survived    6 0 N N 
M1-2c-14 16-Apr 8 23.9 F N 7 10 90 90 10
 0 even 169 164.48 158.51   550 X 7-May 9-
May Survived  N N 23.7 160.31 148.71 138.36 23.7
 99.16317992 Survived    6 0 N N 
M1-2c-15 16-Apr 8 21.2 F N 3 7 93 90 10
 0 even 160.45 161.31 157.84   550 XRD  
          0 
        
M2-2c-1 16-Apr 8 25.2 F N 10 10 90 85 15
 0 even 177.46 172.3 163.77   600 X 20-Apr




 24.9 98.80952381 Survived    6 0 N
 N 
M2-2c-2 16-Apr 8 24.6 F N 13 10 90 90 10
 0 even 165.25 160.37 151.16   600 X 20-Apr
 21-Apr Exploded  N Y N 158.88 145.8 134.21
 19.9 80.89430894 Fractured    3 2 Y
 Y 
M2-2c-3 16-Apr 8 22.8 F N 7 10 90 90 10
 0 even 168.59 162.71 153.54   600 X 20-Apr
 21-Apr Exploded  N Y N 159.39 141.46 124.68
 14.1 61.84210526 Fractured    2 1 Y
 N 
M2-2c-4 16-Apr 8 23.6 F N 7 10 90 90 10
 0 even 153.41 148.82 139.84   600 X 20-Apr
 21-Apr Exploded  N Y N 178.84 155.19 131.4
 17.9 75.84745763 Fractured Large evacuation holes  
 3 1 Y N 
M2-2c-5 16-Apr 8 26.9 F Y 20 10 90 90 10
 0 even 173.44 168.74 161.28   600 X 20-Apr
 21-Apr Exploded  N Y N    0
 0 Exploded    0 N N N 
M2-2c-6 16-Apr 8 24.5 F N 7 10 90 90 10
 0 even 180.16 164.86 149.66   700 X 19-Apr
 20-Apr Fractured  N Y N 156.91 139.13 124.99
 21.7 88.57142857 Fractured    5 1 Y
 N 
M2-2c-7 16-Apr 8 26.4 F N 10 10 90 90 10
 0 even 166.12 162.25 154.43   700 X 19-Apr
 20-Apr Fractured  N Y N 168.45 148.07 130.61
 21.3 80.68181818 Fractured Deep evacuation holes  
 5 1 Y N 
M2-2c-8 16-Apr 8 25.1 F N 13 10 90 90 10




 20-Apr Survived  N N 24.8 158.46 142.78 128.34
 24.8 98.80478088 Survived    6 0 N
 N 
M2-2c-9 16-Apr 8 24.2 F N 7 10 90 90 10
 0 even 170.39 160.83 148.47   700 X 19-Apr
 20-Apr Fractured  N Y N 164.98 143.42 122.78
 14.5 59.91735537 Fractured    0 3 N
 N 
M2-2c-10 16-Apr 8 25.8 F N 15 10 90 90 5
 5 even 187.3 172.27 159.39   700 X 19-Apr
 20-Apr Fractured  N Y N 168.18 146.66 126.84
 21.7 84.10852713 Fractured    5 1 N
 N 
M2-2c-11 16-Apr 8 25 F N 10 6 94 90 10
 0 even 163.59 158.07 148.19   550 X 7-May 9-
May Survived  N N 24.1 151.52 138.59 124.51 24.1
 96.4 Survived    6 0 N N 
M2-2c-12 16-Apr 8 25.6 F N 7 10 90 90 10
 0 even 174.24 168.5 159.85   550 X 7-May 9-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
M2-2c-13 16-Apr 8 23.1 F N 15 10 90 90 10
 0 even 181.29 167.15 149.12   550 X 7-May 9-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
M2-2c-14 16-Apr 8 28.3 F N 7 10 90 90 10
 0 even 165.98 163.2 156.65   550 X 7-May 9-
May Survived  N N 25.7 155.73 148 138.42 25.7
 90.81272085 Survived    6 0 N N 
M2-2c-15 16-Apr 8 25.7 F N 10 5 95 85 15
 0 even 176.26 162.33 144.07   550 XRD  
          0 




M3-2c-1 16-Apr 8 31.4 F N 5 15 85 85 10
 5 even 174.8 172.1 165.58   600 X 20-Apr
 21-Apr Survived  N N 31.2 162.74 151.9 141.18
 31.2 99.36305732 Survived    6 0 N
 N 
M3-2c-2 16-Apr 8 26.4 F N 5 15 85 85 10
 5 even 161.9 155.7 149.76   600 X 20-Apr
 21-Apr Exploded  N N N 162.28 149.87 140.03 6.3
 23.86363636 Exploded    0 1 N N 
M3-2c-3 16-Apr 8 28.1 F N 7 15 85 85 10
 5 even 176.87 170.88 163.15   600 X 20-Apr
 21-Apr Survived  N N 27.9 177.04 163.07 150.52
 27.9 99.28825623 Survived    6 0 N
 N 
M3-2c-4 16-Apr 8 28 F N 5 15 85 85 10
 5 even 171.06 167.14 160.36   600 X 20-Apr
 21-Apr Survived  N N 27.8 171.65 157.01 142.96
 27.8 99.28571429 Survived    6 0 N
 N 
M3-2c-5 16-Apr 8 27.4 F N 5 10 90 90 10
 0 even 177.14 171.81 163.42   600 X 20-Apr
 21-Apr Survived  N N 27.3 172.18 156.52 142.08
 27.3 99.6350365 Survived    6 0 N
 N 
M3-2c-6 16-Apr 8 26 F N 5 10 90 90 10
 0 even 170.36 164.98 159.26   700 X 19-Apr
 20-Apr Fractured  N N 19.1 174.47 155.79 139.82
 19.1 73.46153846 Survived    6 0 N
 N 
M3-2c-7 16-Apr 8 27.6 F N 5 10 90 90 10
 0 even 184.11 178.11 169.04   700 X 19-Apr




 27.5 99.63768116 Survived    6 0 N
 N 
M3-2c-8 16-Apr 8 23.5 F N 5 10 90 90 10
 0 even 159.03 149.02 139.3   700 X 19-Apr
 20-Apr Survived  N N 23.4 166.36 147.3 131.58
 23.4 99.57446809 Survived    6 0 N
 N 
M3-2c-9 16-Apr 8 26.3 F N 5 10 90 90 10
 0 even 166.37 159.87 149.65   700 X 19-Apr
 20-Apr Survived  N N 26.1 181.28 164.63 148.53
 26.1 99.23954373 Survived    6 0 N
 N 
M3-2c-10 16-Apr 8 26.8 F N 5 10 90 85 10
 5 even 171.12 166.99 159.91   700 X 19-Apr
 20-Apr Survived  N N 26.6 177.08 156.35 138.39
 26.6 99.25373134 Survived    6 0 N
 N 
M3-2c-11 16-Apr 8 29.7 F N 5 15 85 85 10
 5 even 174.53 168.56 158.97   550 X 7-May 9-
May Survived  N N 29.5 173.67 155.92 141.7 29.5
 99.32659933 Survived    6 0 N N 
M3-2c-12 16-Apr 8 27.1 F N 5 15 85 85 10
 5 even 182.89 176.68 167.1   550 X 7-May 9-
May Survived  N N 27 166.36 153.83 141.37 27
 99.63099631 Survived    6 0 N N 
M3-2c-13 16-Apr 8 32.7 F N 5 10 90 90 5
 5 even 159.97 153.54 142.75   550 X 7-May 9-
May Survived  N N 32.5 173.98 158.87 145.06 32.5
 99.3883792 Survived    6 0 N N 
M3-2c-14 16-Apr 8 27.5 F N 5 15 85 85 10
 5 even 182.86 179.48 171.87   550 X 7-May 9-
May Survived  N N 27.3 164.64 150.77 138.19 27.3




M3-2c-15 16-Apr 8 24 F N 5 10 90 90 10
 0 even 178.07 172.25 163.43   550 XRD  
          0 
        
M1-1c-1 19-Apr 1 7.6 F N 5 10 90 90 10
 0 even 148.25 153.84 152.86   600 X 1-May 2-
May Survived  N N 7.6 169.61 162.34 157.61 7.6
 100 Survived    6 0 N N 
M1-1c-2 19-Apr 1 5.2 F N 5 10 90 90 10
 0 even 156.5 152.21 145.97   600 X 1-May 2-
May Survived  N N 5.2 158.09 148.06 138.14 5.2
 100 Survived    6 0 N N 
M1-1c-3 19-Apr 1 5.7 F N 5 10 90 90 10
 0 even 162.64 161.12 158.45   600 X 1-May 2-
May Survived  N N 5.6 174.2 162.39 153.66 5.6
 98.24561404 Survived    6 0 N N 
M1-1c-4 19-Apr 1 6.8 F N 5 10 90 90 10
 0 even 177.81 174.19 164.66   600 X 1-May 2-
May Survived Y N N 6.6 164.34 157.47 147.62 6.6
 97.05882353 Survived    6 0 N N 
M1-1c-5 19-Apr 1 5.9 F N 5 15 85 85 15
 0 even 180.92 173.08 161.25   600 X 1-May 2-
May Survived  N N 5.9 156.6 144.44 134.5 5.9
 100 Survived    6 0 N N 
M1-1c-6 19-Apr 1 5.3 F N 5 10 90 90 10
 0 even 174.93 174.32 167.13   700 X 30-Apr 1-
May Survived  N N 5.3 180.62 167.8 154.29 5.3
 100 Survived    6 0 N N 
M1-1c-7 19-Apr 1 7.3 F N 5 10 90 90 10
 0 even 162.74 163.56 159.03   700 X 30-Apr 1-
May Survived  N N 6.9 180.28 169.42 153.44 6.9




M1-1c-8 19-Apr 1 7.7 F N 5 10 90 90 10
 0 even 152.72 154.28 150.43   700 X 30-Apr 1-
May Survived  N N 7.5 171.31 154.27 143.63 7.5
 97.4025974 Survived    6 0 N N 
M1-1c-9 19-Apr 1 5.8 F N 5 10 90 90 10
 0 even 152.38 151.29 144.63   700 X 30-Apr 1-
May Survived  N N 5.8 168.35 156.97 145.96 5.8
 100 Survived    6 0 N N 
M1-1c-10 19-Apr 1 5.3 F N 5 10 90 90 10
 0 even 153.18 153.14 150.61   700 X 30-Apr 1-
May Survived  N N 5.3 171.85 159.93 150.11 5.3
 100 Survived Uncut side   6 0 N N 
M1-1c-11 19-Apr 1 5 F N 5 10 90 90 10
 0 even 143.06 143.73 141.31   550 X 29-Apr
 30-Apr Survived  N N N 172.17 154.44 137.68 5
 100 Survived    6 N N N 
M1-1c-12 19-Apr 1 6.1 F N 5 10 90 90 10
 0 even 157.12 155.31 150.25   550 X 29-Apr
 30-Apr Survived  N N N 155.56 147.76 142.78 6
 98.36065574 Survived Uncut side   6 N N
 N 
M1-1c-13 19-Apr 1 5.5 F N 5 15 85 85 15
 0 even 176.2 175.29 168.07   550 X 29-Apr
 30-Apr Survived  N N N 143.03 129.42 115.71 5.5
 100 Survived    6 N N N 
M1-1c-14 19-Apr 1 6.6 F N 5 10 90 90 10
 0 even 174.57 169.73 160.46   550 X 29-Apr
 30-Apr Survived  N N N 147.42 135.89 125.69 6.6
 100 Survived    6 N N N 
M1-1c-15 19-Apr 1 5.5 F N 5 10 90 90 10
 0 even 158.13 154.56 147.12   550 X 29-Apr
 30-Apr Survived  N N N 164.85 153.25 143.64 5.4




M2-1c-1 19-Apr 1 6 F N 7 10 90 90 10
 0 even 148.11 141.26 129.88   600 X 1-May 2-
May Exploded  N Y N    0 0
 Exploded    0 N N N 
M2-1c-2 19-Apr 1 5.9 F N 7 10 90 90 10
 0 even 159.22 152.74 141.08   600 X 1-May 2-
May Exploded  N Y N    0 0
 Exploded    0 N N N 
M2-1c-3 19-Apr 1 5.1 F N 7 10 90 90 10
 0 even 145.38 138.57 129.64   600 X 1-May 2-
May Survived  N N 5 144.24 135.5 124.97 5
 0.980392157 Survived    6 0 N N 
M2-1c-4 19-Apr 1 4.6 F N 10 10 90 90 10
 0 even 149.84 138.72 127.8   600 X 1-May 2-
May Survived  N N 4.6 165.48 159.82 154.5 4.6
 100 Survived    6 0 N N 
M2-1c-5 19-Apr 1 5.6 F N 7 10 90 90 10
 0 even 161.96 150.63 134.82   600 X 1-May 2-
May Survived  N N 5.6 175.67 164.98 151.95 5.6
 100 Survived    6 0 N N 
M2-1c-6 19-Apr 1 4.1 F N 7 10 90 90 10
 0 even 163.47 158.63 148.71   700 X 30-Apr 1-
May Survived  N N 4.1 165.12 153.67 140.73 4.1
 100 Survived    6 0 N N 
M2-1c-7 19-Apr 1 4.3 F N 7 5 95 90 10
 0 even 178.91 164.94 148.62   700 X 30-Apr 1-
May Survived  N N 4.3 163.32 140.16 121.3 4.3
 100 Survived    6 0 N N 
M2-1c-8 19-Apr 1 5.5 F N 7 10 90 90 10
 0 even 143.75 136.35 125.33   700 X 30-Apr 1-
May Survived  N N 5.2 176.79 164.8 154.61 5.2




M2-1c-9 19-Apr 1 5.6 F N 7 10 90 90 10
 0 even 161.18 152.9 139.42   700 X 30-Apr 1-
May Survived  N N 5.6 179.97 174.53 168.65 5.6
 100 Survived    6 0 N N 
M2-1c-10 19-Apr 1 4.5 F N 7 10 90 90 10
 0 even 157.32 148.64 136.09   700 X 30-Apr 1-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
M2-1c-11 19-Apr 1 5 F N 7 10 90 90 10
 0 even 162.43 155.95 145.57   550 X 29-Apr
 30-Apr Survived  N N 4.8 168.64 163.96 157.94 4.8
 96 Survived    4.8 N N N 
M2-1c-12 19-Apr 1 4 F N 7 10 90 90 10
 0 even 160.83 155.52 145.09   550 X 29-Apr
 30-Apr Survived  N N 3.9 173.37 160.09 147.29 3.9
 97.5 Survived    6 N N N 
M2-1c-13 19-Apr 1 5.2 F N 7 10 90 90 10
 0 even 170.75 165.41 154.2   550 X 29-Apr
 30-Apr Exploded  n y 0    0
 0 Exploded    0 N N N 
M2-1c-14 19-Apr 1 4.8 F N 10 10 90 90 10
 0 even 160.32 153.05 139.88   550 X 29-Apr
 30-Apr Survived  N N 4.7 152.17 148.2 145.36 4.7
 97.91666667 Survived    6 N N N 
M2-1c-15 19-Apr 1 3 F N 7 10 90 90 10
 0 even 153.2 139.5 125.08   550 X 29-Apr
 30-Apr Survived  N N 2.9 169.12 144.73 122.25 2.9
 96.66666667 Survived    6 N N N 
M3-1c-1 19-Apr 1 5.8 F N 3 10 90 90 10
 0 even 187.16 183.21 176.17   600 X 1-May 2-
May Survived  N N 5.8 175.99 169.88 160.25 5.8




M3-1c-2 19-Apr 1 6.5 F N 3 10 90 90 10
 0 even 156.27 151.72 143.05   600 X 1-May 2-
May Exploded  N Y N    0 0
 Exploded    0 N N N 
M3-1c-3 19-Apr 1 6.8 F N 3 10 90 90 10
 0 even 174.08 168.1 160.84   600 X 1-May 2-
May Survived  N N 6.7 168.91 155.55 141.54 6.7
 98.52941176 Survived    6 0 N N 
M3-1c-4 19-Apr 1 4.6 F N 3 10 90 90 10
 0 even 185.19 177.43 166.76   600 X 1-May 2-
May Exploded  N Y N    0 0
 Exploded    0 N N N 
M3-1c-5 19-Apr 1 6.9 F N 3 10 90 90 10
 0 even 173.16 166.14 159.14   600 X 1-May 2-
May Exploded  N Y N    0 0
 Exploded    0 N N N 
M3-1c-6 19-Apr 1 6.4 F N 3 10 90 90 10
 0 even 201.85 197.87 189.68   700 X 30-Apr 1-
May Survived  N N 6.3 184.24 171.97 166.08 6.3
 98.4375 Survived    6 0 N N 
M3-1c-7 19-Apr 1 5.8 F N 3 10 90 90 10
 0 even 163.32 160.7 154.07   700 X 30-Apr 1-
May Survived  N N 5.8 173.34 163.95 157.74 5.8
 100 Survived    6 0 N N 
M3-1c-8 19-Apr 1 6.3 F N 3 10 90 90 10
 0 even 166.69 163.14 156.78   700 X 30-Apr 1-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
M3-1c-9 19-Apr 1 6.7 F N 3 10 90 90 10
 0 even 176.82 172.04 165.14   700 X 30-Apr 1-
May Exploded  N Y 0    0 0




M3-1c-10 19-Apr 1 6 F N 3 10 90 90 10
 0 even 187.57 184.42 177.24   700 X 30-Apr 1-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
M3-1c-11 19-Apr 1 5 F N 3 10 90 90 10
 0 even 168.83 160.09 154.18   550 X 29-Apr
 30-Apr Survived Y N N 5 167.41 158.32 154.96 5
 100 Survived    6 N N N 
M3-1c-12 19-Apr 1 6.7 F N 3 10 90 90 10
 0 even 178.86 172.71 164.89   550 X 29-Apr
 30-Apr Exploded  N Y 0    0
 0 Exploded    0 N N N 
M3-1c-13 19-Apr 1 5.5 F N 3 10 90 90 10
 0 even 179.59 167.7 161.01   550 X 29-Apr
 30-Apr Survived Y N N 5.5 177.79 162.05 155.26 5.5
 100 Survived    6 N N N 
M3-1c-14 19-Apr 1 6 F N 3 10 90 90 10
 0 even 173.35 169.55 161.88   550 X 29-Apr
 30-Apr Survived  N N 5.9 175.07 167.41 155.2 5.9
 98.33333333 Survived    6 N N N 
M3-1c-15 19-Apr 1 6.3 F N 3 10 90 90 10
 0 even 193.37 186.71 178.47   550 X 29-Apr
 30-Apr Exploded  N Y N    0
 0 Exploded    0 N N N 
B1-4c-1 19-Apr 64 214.2 F N 3 15 85 85 15
 0 even 173.94 172.09 163.6   600 X 2-May 3-
May Survived  N N 191.2 167.66 161.88 160.18 191.2
 89.26237162 Survived Large weathered inclusion on side  
 6 0 N N 
B1-4c-2 19-Apr 64 156 F N 3 15 85 85 15
 0 even 156.32 156.61 151.57 2299 2300 600 X 2-May 3-
May Survived Y N N 155.3 167.29 163.59 157.08 155.3




B1-4c-3 19-Apr 64 198.3 F N 3 10 90 85 15
 0 even 167.98 168.22 162.8   600 X 2-May 3-
May Survived  N N 197.2 183.18 172.37 159.2 197.2
 99.44528492 Survived    6 0 N N 
B1-4c-4 19-Apr 64 183.7 F N 3 10 90 85 15
 0 even 166.53 166.44 160.33 2301 2302 600 X 2-May 3-
May Survived Y N N 182.8 167.61 157.51 143.9 182.8
 99.51007077 Survived    6 0 N N 
B1-4c-5 19-Apr 64 177.9 F N 3 10 90 85 15
 0 even 166.89 165.88 158.58   600 X 2-May 3-
May Survived Y N N 177.9 177.18 172.42 164.61 177.9
 100 Survived    6 0 N N 
B1-4c-6 19-Apr 64 181.6 F Y 3 15 85 85 15
 0 even 175.27 172.6 163.44   700 X 3-May 5-
May Survived  N Y 180.8 172.51 166.88 156.72 107.9
 59.41629956 Fractured One piece but terminal fracture  
 6 1 N N 
B1-4c-7 19-Apr 64 157.2 F N 3 10 90 85 15
 0 even 166.54 167.1 160.82 2303 2304 700 X 3-May 5-
May Survived  N Y 149 171.54 165.86 156.58 143.2
 91.09414758 Survived One corner fractured   6 1
 N N 
B1-4c-8 19-Apr 64 192.8 F N 3 10 90 90 10
 0 even 169.27 166.13 156.14   700 X 3-May 5-
May Exploded  N Y 168.8 164.29 158.83 149.19 94.3
 48.91078838 Exploded Multiple Fractures   5 1
 N N 
B1-4c-9 19-Apr 64 210.4 F N 5 10 90 85 15
 0 even 164.02 163.25 156.8 2305 2306 700 X 3-May 5-
May Survived Y N Y 208.8 170.45 167.23 160.85 208.8
 99.23954373 Survived Some fracture marks   6 1




B1-4c-10 19-Apr 64 159 F N 5 10 90 85 15
 0 even 158.28 157.13 150.7   700 X 3-May 5-
May Survived Y N Y 158.3 173.56 169.81 162.75 158.3
 99.55974843 Survived Shallow cut mark   6 1
 N N 
B1-4c-11 19-Apr 64 201.3 F N 3 10 90 90 10
 0 even 169.48 167.93 159.08   550 X 27-Apr
 28-Apr Survived Y N N 200.6 166.68 164.14 157.7
 200.6 99.65226031 Survived    6 0 N
 N 
B1-4c-12 19-Apr 64 162.5 F Y 5 15 85 85 15
 0 even 173.07 172.18 164.8 2307 2308 550 X 27-Apr
 28-Apr Survived Y N N 162 177.75 172.87 164.36
 162 99.69230769 Survived    6 0 N
 N 
B1-4c-13 19-Apr 64 220 F N 3 10 90 85 15
 0 even 170.84 172.09 167.02   550 X 27-Apr
 28-Apr Survived Y N N 219.2 168.33 163.46 154.65
 219.2 99.63636364 Survived    6 0 N
 N 
B1-4c-14 19-Apr 64 197.1 F N 3 10 90 90 10
 0 even 165.8 164.71 157.53 2309 2310 550 X 27-Apr
 28-Apr Survived Y N N 196.3 171.83 167.3 157.92
 196.3 99.59411466 Survived    6 0 N
 N 
B1-4c-15 19-Apr 64 193.9 F N 3 10 90 90 10
 0 even 163.97 164.08 159.15   550 X 27-Apr
 28-Apr Survived Y N N 192.8 172.12 160.2 145.37
 192.8 99.43269727 Survived    6 0 N
 N 
B2-4c-1 19-Apr 64 159.5 F Y 3 10 90 90 10
 0 even 141.99 1441.47 136.05   600 X 2-




 159.3 99.87460815 Survived    6 0 N
 N 
B2-4c-2 19-Apr 64 160.3 F Y 3 10 90 90 10
 0 even 138.36 135.4 126.78 2311 2312 600 X 2-May 3-
May Survived  N N 158.5 166.44 162.42 156.99 158.5
 98.87710543 Survived Uncut side   6 0 N
 N 
B2-4c-3 19-Apr 64 122 F Y 5 15 85 90 10
 0 even 147.75 146.56 139.8   600 X 2-May 3-
May Survived  N N 117.2 175.14 164.79 148.44 117.2
 96.06557377 Survived Cut mark on edge   6 0
 N N 
B2-4c-4 19-Apr 64 178.9 F N 3 15 85 85 10
 5 even 154.64 155.59 151.29 2313 2314 600 X 2-May 3-
May Survived Y N N 178.1 170.28 166.96 163.18 178.1
 99.55282281 Survived Shallow cut mark   6 0
 N N 
B2-4c-5 19-Apr 64 266 F Y 5 10 90 90 10
 0 even 149.65 150.96 146.23   600 X 2-May 3-
May Survived  N Y 191.2 168.44 165.16 162.74 254.7
 95.7518797 Survived Uncut side, longer then tall   6
 0 N N 
B2-4c-6 19-Apr 64 199.1 F N 3 10 90 90 10
 0 even 150.71 154.43 152.55   700 X 3-May 5-
May Survived  N Y 197.7 162.73 157.54 153.07 135.5
 68.05625314 Fractured Termanal Fracture   6 1
 N N 
B2-4c-7 19-Apr 64 171 F Y 5 15 85 85 15
 0 even 159.05 152.3 138.7 2315 2316 700 X 3-May 5-
May Survived  N Y 170 173.33 168.08 157.41 170
 99.41520468 Survived    6 1 N N 
B2-4c-8 19-Apr 64 141.1 F N 3 15 85 85 15




May Fractured  N Y 79.6 171.83 165.44 153.85 79.6
 56.41389086 Fractured Cut mark   1 3 N
 N 
B2-4c-9 19-Apr 64 157.2 F N 3 10 90 90 10
 0 even 151.82 152.81 148.41 2320 2321 700 X 3-May 5-
May Survived  N Y 155.8 172.67 168.17 163.74 155.8
 99.10941476 Survived    6 1 N N 
B2-4c-10 19-Apr 64 125.9 F N 3 10 90 90 10
 0 even 154.03 149.87 138.66   700 X 3-May 5-
May Survived  N Y 125.2 169.04 165.77 161.87 125.2
 99.44400318 Survived    6 0 N N 
B2-4c-11 19-Apr 64 126.6 F N 3 10 90 90 10
 0 even 140.98 141.22 137.28   550 X 27-Apr
 28-Apr Survived Y N N 125.8 168.14 159.63 154.96
 125.8 99.36808847 Survived    6 0 N
 N 
B2-4c-12 19-Apr 64 207.3 F N 5 10 90 85 15
 0 even 152.64 150.57 142.06 2322 2323 550 X 27-Apr
 28-Apr Survived Y N N 206.8 162.23 152.71 145.32
 206.8 99.75880367 Survived Cut mark   6 0
 N N 
B2-4c-13 19-Apr 64 137.8 F N 5 10 90 90 10
 0 even 166.12 163.25 153.68   550 X 27-Apr
 28-Apr Survived Y N N 137.5 174.36 156.74 141.7
 137.5 99.78229318 Survived    6 0 N
 N 
B2-4c-14 19-Apr 64 207.5 F N 5 15 85 85 15
 0 even 162.17 156.8 144.47 2324 2325 550 X 27-Apr
 28-Apr Survived  N N 201.9 166.85 155.73 142.69
 201.9 97.30120482 Survived Fractured corner   6
 0 N N 
B2-4c-15 19-Apr 64 117.9 F N 5 15 85 85 15




 28-Apr Survived Y N N 117.7 146.45 138.65 132.09
 117.7 99.83036472 Survived    6 0 N
 N 
B3-4c-1 19-Apr 64 197.5 F Y 3 10 90 90 10
 0 even 146.58 146.16 141.36   600 X 2-May 3-
May Survived  N Y 60.7 182.14 171.58 156.9 60.7
 30.73417722 Exploded    2 5 Y N 
B3-4c-2 19-Apr 64 103 F Y 3 15 85 85 15
 0 even 153.82 152.21 145.1 2326 2327 600 X 2-May 3-
May Survived  N N 102.5 152.05 143.68 137.23 102.5
 99.51456311 Survived Uncut side   6 0 N
 N 
B3-4c-3 19-Apr 64 117.1 F N 3 15 85 85 15
 0 even 150.2 144.73 134.91   600 X 2-May 3-
May Survived Y N N 116.4 164.1 160.45 157.45 116.4
 99.40222032 Survived Deep cut mark   6 0 N
 N 
B3-4c-4 19-Apr 64 130.1 F Y 3 10 90 90 10
 0 even 139.18 131.61 118.07 2328 2329 600 X 2-May 3-
May Survived  N N 119.5 180.71 176.53 172.54 119.5
 91.85242121 Survived Cut Mark, Uncut/fractured Side  
 6 0 N N 
B3-4c-5 19-Apr 64 101.5 F Y 3 15 85 85 10
 5 even 155.12 145.52 131.96   600 X 2-May 3-
May Survived  N Y 88.2 170.31 167.16 163.32 88.2
 86.89655172 Fractured Uncut side   5 1 N
 N 
B3-4c-6 19-Apr 64 99.9 F Y 3 15 85 85 15
 0 even 144.85 140.44 130.8   700 X 3-May 5-
May Exploded  N Y 34.9 176.06 172.38 169.81 34.9
 34.93493493 Exploded    0 3 N N 
B3-4c-7 19-Apr 64 143.6 F Y 3 10 90 85 15




May Survived  N Y 142.6 176.83 170.01 162.7 142.6
 99.30362117 Survived fractures   6 1 N
 N 
B3-4c-8 19-Apr 64 173.4 F Y 3 10 90 90 10
 0 even 151.15 149.6 143.58   700 X 3-May 5-
May Survived  N Y 172.3 165.72 159.97 156.08 172.3
 99.3656286 Survived Uncut side   6 1 N
 N 
B3-4c-9 19-Apr 64 135.1 F N 3 10 90 85 10
 5 even 154.93 151.9 144 2332 2333 700 X 3-May 5-
May Survived  N Y 134 180.43 177.19 176.01 134
 99.1857883 Survived Uncut side   6 1 N
 N 
B3-4c-10 19-Apr 64 159.1 F Y 3 10 90 90 10
 0 even 149.93 145.37 137.16   700 X 3-May 5-
May Survived  N Y 144.5 182.83 177.33 172.14 144.5
 90.82338152 Survived Uncut side   6 1 N
 N 
B3-4c-11 19-Apr 64 180.9 F Y 3 15 85 85 10
 5 even 137.81 133.53 124.72   550 X 27-Apr
 28-Apr Fractured  N Y 93.9 146.45 138.65 132.09
 93.9 51.90713101 Fractured    5 1 Y
 N 
B3-4c-12 19-Apr 64 169.6 F Y 3 15 85 85 10
 5 even 140.78 133.41 122.05 2334 2335 550 X 27-Apr
 28-Apr Exploded  N Y 64 174.65 168.69 163.89 64
 37.73584906 Exploded    3 2 Y N 
B3-4c-13 19-Apr 64 86.6 F N 3 20 80 80 15
 5 even 149.28 140.29 130.19   550 X 27-Apr
 28-Apr Exploded  N Y 40.5 172.29 167.92 163.74





B3-4c-14 19-Apr 64 118.7 F N 3 10 90 90 10
 0 even 146.19 138.69 130.12 2337 2338 550 X 27-Apr
 28-Apr Survived  N N 117.3 149.86 143.13 137.63
 117.3 98.82055602 Survived    6 0 N
 N 
B3-4c-15 19-Apr 64 92.2 F Y 3 15 85 85 10
 5 even 143.04 141.59 136.01   550 X 27-Apr
 28-Apr Survived  N N 91 159.32 156.67 152.7 91
 98.69848156 Survived    6 0 N N 
B1-3c-1 15-Apr 27 105.7 F N 3 10 90 90 10
 0 even 177.5 170.52 163.57   600 X 18-Apr
 19-Apr Survived  N N 105.7 183.54 160.77 139.65
 105.7 100 Survived Shallow cut mark   6 0
 N N 
B1-3c-2 15-Apr 27 97 F N 5 5 95 90 10
 0 even 171.83 164.6 156.69   600 X 18-Apr
 19-Apr Survived  N N 95.6 181.46 167.67 154.17
 95.6 98.55670103 Survived    6 0 N
 N 
B1-3c-3 15-Apr 27 89.5 F N 3 5 95 90 10
 0 even 171.67 166.31 161.4   600 X 18-Apr
 19-Apr Survived  N N 89 179.12 167.53 157.08 89
 99.44134078 Survived    6 0 N N 
B1-3c-4 15-Apr 27 102.5 F N 3 10 90 90 10
 0 even 175.21 167.89 160.56   600 X 18-Apr
 19-Apr Survived  N N 101.9 178.39 164.46 151.03
 101.9 99.41463415 Survived    6 0 N
 N 
B1-3c-5 15-Apr 27 91.9 F N 3 10 90 90 10
 0 even 172.31 165.86 159.04   600 X 18-Apr
 19-Apr Survived  N N 91.5 174.46 161.97 150.65





B1-3c-6 15-Apr 27 89.1 F N 2 10 90 90 10
 0 even 170.52 163.99 157.76   700 X 16-Apr
 18-Apr Survived  N N 88.7 179.07 164.45 149.55
 88.7 99.55106622 Survived    6 0 N
 N 
B1-3c-7 15-Apr 27 84.2 F N 2 7 93 95 5
 0 even 177.23 167.85 158.52   700 X 16-Apr
 18-Apr Survived  N N 83.9 173.35 157.32 139.36
 83.9 99.64370546 Survived    6 0 N
 N 
B1-3c-8 15-Apr 27 79.2 F N 3 10 90 90 10
 0 even 177.33 169.96 163.29   700 X 16-Apr
 18-Apr Survived  N N 78.9 181.64 168.93 156.57
 78.9 99.62121212 Survived    6 0 N
 N 
B1-3c-9 15-Apr 27 105.9 F N 5 7 93 90 10
 0 even 172.66 166.45 160.56   700 x 16-Apr
 18-Apr Survived  N N 105.4 180.19 167.03 155.17
 105.4 99.52785647 Survived    6 0 N
 N 
B1-3c-10 15-Apr 27 105.1 F N 5 10 90 90 10
 0 even 174.41 167.88 161.36   700 X 16-Apr
 18-Apr Survived  N N 104.4 172.74 159.75 146.99
 104.4 99.33396765 Survived    6 0 N
 N 
B1-3c-11 15-Apr 27 104.2 F N 3 10 90 90 10
 0 even 176.48 166.99 157.84   550 X 26-Apr
 27-Apr Survived  N N 104.4 178.45 165.84 153.89
 103.7 99.52015355 Survived    6 0 N
 N 
B1-3c-12 15-Apr 27 107 F N 3 10 90 90 10
 0 even 173.58 164.17 154.31   550 X 26-Apr




 106.6 99.62616822 Survived    6 0 N
 N 
B1-3c-13 15-Apr 27 96.9 F N 3 10 90 90 10
 0 even 160.65 154.15 150.74   550 X 26-Apr
 27-Apr Survived  N N 104.4 169.94 157.03 144.47
 96.5 99.5872033 Survived    6 0 N
 N 
B1-3c-14 15-Apr 27 94.7 F N 3 10 90 90 10
 0 even 173.17 166.42 160.43   550 X 26-Apr
 27-Apr Survived  N N 104.4 173.87 161.28 148.45
 94.3 99.57761352 Survived    6 0 N
 N 
B1-3c-15 15-Apr 27 83.1 F N 2 5 95 95 5
 0 even 165.73 158.85 150.76   550 X 26-Apr
 27-Apr Survived  N N 104.4 174.99 157.8 140.37
 82.6 99.39831528 Survived    6 0 N
 N 
B2-3c-1 21-Apr 27 108.8 F N 3 10 90 90 10
 0 even 145.66 144.4 137.8   600 X 5-May 6-
Apr Fractured  N Y 62.6 162.94 150.09 136.06 62.6
 57.53676471 Fractured    3 1 Y N 
B2-3c-2 21-Apr 27 99 F N 3 10 90 90 10
 0 even 146.77 145.88 139.22   600 X 5-May 6-
Apr Fractured  N Y 80 158.15 140.48 124.47 80
 80.80808081 Fractured    5 2 Y N 
B2-3c-3 21-Apr 27 92.3 F N 3 10 90 90 10
 0 even 136.88 136.63 130.72   600 X 5-May 6-
Apr Survived  N N 91.8 161.9 157.45 153.31 91.8
 99.45828819 Survived    6 0 N N 
B2-3c-4 21-Apr 27 115.5 F N 3 10 90 90 10
 0 even 126.3 129.97 128.38   600 X 5-May 6-
Apr Survived  N N 115.1 159.27 146.88 137.46 115.1




B2-3c-5 21-Apr 27 63.4 F N 3 10 90 90 10
 0 even 139.42 139.57 134.08   600 X 5-May 6-
Apr Survived  N N 62.9 169.21 158.83 152.15 62.9
 99.21135647 Survived    6 0 N N 
B2-3c-6 21-Apr 27 95.7 F Y 3 10 90 87 13
 0 even 160.15 155.66 146.01   700 X 6-May 7-
May Exploded  N Y 33 160.26 145.72 128.47 33
 34.48275862 Exploded    1 3 Y N 
B2-3c-7 21-Apr 27 80.5 F Y 3 10 90 90 10
 0 even 137.57 139.04 135.11   700 X 6-May 7-
May Survived  N N 80 175.23 166.14 161.18 80
 99.37888199 Survived    6 0 N N 
B2-3c-8 21-Apr 27 81.7 F N 3 10 90 90 10
 0 even 153.64 153.61 148.58   700 X 6-May 7-
May Survived  N N 81.1 166.23 152.07 138.58 81.1
 99.26560588 Survived    6 0 N N 
B2-3c-9 21-Apr 27 82.4 F N 3 10 90 90 10
 0 even 145.44 146.25 141.28   700 X 6-May 7-
May Survived  N N 81.8 170.53 159.74 152.22 81.8
 99.27184466 Survived    6 0 N N 
B2-3c-10 21-Apr 27 101 F N 3 10 90 90 10
 0 even 137.09 136.79 132.11   700 X 6-May 7-
May Survived  N N 99.3 162.7 152.96 139.56 99.3
 98.31683168 Survived    6 0 N N 
B2-3c-11 21-Apr 27 109.7 F N 3 10 90 90 10
 0 even 136.85 138.77 135.41   550 X 28-Apr
 29-Apr Survived  N N 109.1 171.8 165.6 161.58
 109.1 99.45305378 Survived    6 0 N
 N 
B2-3c-12 21-Apr 27 84.4 F N 3 10 90 90 10
 0 even 153.24 149.3 139.91   550 X 28-Apr




 25.3 29.97630332 Exploded    0 2 Y
 N 
B2-3c-13 21-Apr 27 118.6 F N 3 10 90 85 15
 0 even 138.34 141.2 138.69   550 X 28-Apr
 29-Apr Survived  N N 111.3 166.15 157.9 148.73
 111.3 93.84485666 Survived    6 0 N
 N 
B2-3c-14 21-Apr 27 66.8 F N 3 10 90 90 10
 0 even 148.23 148.19 142.67   550 X 28-Apr
 29-Apr Survived  N N 66.3 161.43 151.54 144.21
 66.3 99.25149701 Survived    6 0 N
 N 
B2-3c-15 21-Apr 27 72.4 F N 3 7 93 95 5
 0 even 156.2 153.55 146.43   550 X 28-Apr
 29-Apr Exploded  N N 30.9 158.49 145.27 132.97
 30.9 42.67955801 Exploded    0 2 Y
 N 
B3-3c-1 21-Apr 27 90.7 F N 5 10 90 90 10
 0 even 145.53 138.96 126.79   600 X 5-May 6-
Apr Survived  N N 87 194.43 183.15 173.36 87
 95.92061742 Survived    6 0 N N 
B3-3c-2 21-Apr 27 91.4 F N 3 13 87 90 10
 0 even 137.91 130.51 115.98   600 X 5-May 6-
Apr Survived  N N 90 182.07 171.77 163.42 90
 98.46827133 Survived    6 0 N N 
B3-3c-3 21-Apr 27 79.5 F N 3 13 87 90 10
 0 even 136.08 128.63 115.56   600 X 5-May 6-
Apr Survived  N N 78.8 182.29 173.13 166.92 78.8
 99.11949686 Survived    6 0 N N 
B3-3c-4 21-Apr 27 50.5 F N 3 15 85 90 10
 0 even 156.94 148.29 131.19   600 X 5-May 6-
Apr Survived  N N 50 182.8 169.78 156.59 50




B3-3c-5 21-Apr 27 83.3 F N 3 10 90 90 10
 0 even 151.26 144.35 131.26   600 X 5-May 6-
Apr Survived  N N 82 178.75 168.03 160.71 82
 98.43937575 Survived    6 0 N N 
B3-3c-6 21-Apr 27 76.7 F N 3 10 90 90 10
 0 even 154.15 148.63 137.26   700 X 6-May 7-
May Survived  N N 76.1 192.59 178.67 164.25 76.1
 99.21773142 Survived    6 0 N N 
B3-3c-7 21-Apr 27 74.1 F N 3 10 90 90 10
 0 even 156.93 147.67 130.09   700 X 6-May 7-
May Survived  N N 72.9 178.09 166.87 159.55 72.9
 98.3805668 Survived    6 0 N N 
B3-3c-8 21-Apr 27 70.1 F N 3 10 90 90 10
 0 even 150.3 143.12 129.59   700 X 6-May 7-
May Survived  N N 65.5 178.35 167.05 160.04 65.5
 93.43794579 Survived    6 0 N N 
B3-3c-9 21-Apr 27 77.5 F N 3 10 90 90 10
 0 even 151.99 145.65 133.49   700 X 6-May 7-
May Survived  N N 75.7 185.98 174.87 165.44 75.7
 97.67741935 Survived    6 0 N N 
B3-3c-10 21-Apr 27 74.1 F N 3 10 90 90 10
 0 even 137.31 130.91 117.88   700 X 6-May 7-
May Survived  N N 73.3 185.17 175.48 167.31 73.3
 98.92037787 Survived    6 0 N N 
B3-3c-11 21-Apr 27 76 F N 3 10 90 90 10
 0 even 147.65 142.59 132.02   550 X 28-Apr
 29-Apr Survived  N N 75.2 182.09 171.15 164.4
 75.2 98.94736842 Survived    6 0 N
 N 
B3-3c-12 21-Apr 27 76 F N 3 10 90 90 10
 0 even 145.93 138.43 125.69   550 X 28-Apr




 75.1 98.81578947 Survived    6 0 N
 N 
B3-3c-13 21-Apr 27 77.8 F N 3 13 87 85 15
 0 even 151.05 144.48 131.24   550 X 28-Apr
 29-Apr Survived  N N 76.3 175.08 163.69 155.44
 76.3 98.07197943 Survived    6 0 N
 N 
B3-3c-14 21-Apr 27 72.7 F N 3 15 85 90 10
 0 even 167.84 158.02 139.94   550 X 28-Apr
 29-Apr Survived  N N 72 174.93 163.06 151.5 72
 99.03713893 Survived    6 0 N N 
B3-3c-15 21-Apr 27 71.1 F N 3 10 90 90 10
 0 even 148.76 145.01 135.47   550 X 28-Apr
 29-Apr Survived  N N 70.8 163.32 152.28 143.6
 70.8 99.57805907 Survived    6 0 N
 N 
B1-2c-1 18-Apr 8 40.4 F N 3 10 90 90 10
 0 even 196.76 189.97 178.61   600 X 20-Apr
 21-Apr Survived  N N 40.2 176.78 164.2 151.38
 40.2 99.5049505 Survived    6 0 N
 N 
B1-2c-2 18-Apr 8 41.2 F N 3 10 90 90 10
 0 even 198.18 191.07 180.24   600 X 20-Apr
 21-Apr Survived  N N 41.1 182.27 165.52 148.63
 41.1 99.75728155 Survived    6 0 N
 N 
B1-2c-3 18-Apr 8 70.7 F N 5 10 90 90 10
 0 even 190.79 187.06 178.29   600 X 20-Apr
 21-Apr Survived  N N 70.2 178.35 163.94 149.27
 70.2 99.29278642 Survived    6 0 N
 N 
B1-2c-4 18-Apr 8 50.8 F N 3 10 90 90 10




 21-Apr Survived  N N   176.23 160.66 147.02
 50.7 99.80314961 Survived Uncut Side   6 0
 N N 
B1-2c-5 18-Apr 8 26.5 F N 3 10 90 90 10
 0 even 192.77 187.3 178.63   600 X 20-Apr
 21-Apr Survived  N N 26.5 180.1 163.43 148.41
 26.5 100 Survived    6 0 N N 
B1-2c-6 18-Apr 8 36.2 F N 3 10 90 90 10
 0 even 195.07 189.29 178.63   700 X 19-Apr
 20-Apr Survived y N N 36 183.95 161.19 140.43 36
 99.44751381 Survived    6 0 N N 
B1-2c-7 18-Apr 8 23.7 F N 3 10 90 90 10
 0 even 189.83 184.46 176.77   700 X 19-Apr
 20-Apr Survived  N N  179.52 163.42 149.94
 26.7 100 Survived    6 0 N N 
B1-2c-8 18-Apr 8 29.8 F N 3 10 90 90 10
 0 even 193.48 188.56 178.66   700 X 19-Apr
 20-Apr Survived  N N 29.7 183.69 168.07 153.32
 29.7 99.66442953 Survived    6 0 N
 N 
B1-2c-9 18-Apr 8 33.4 F N 3 10 90 90 10
 0 even 182.63 179.39 172.33   700 X 19-Apr
 20-Apr Survived  N N 33.3 186.44 166.45 148.77
 33.3 99.7005988 Survived    6 0 N
 N 
B1-2c-10 18-Apr 8 43.7 F N 3 10 90 90 10
 0 even 180.54 174.26 163.46   700 X 19-Apr
 20-Apr Survived Y N N 43.1 176.88 160.73 143.63
 43.4 99.31350114 Survived    6 0 N
 N 
B1-2c-11 18-Apr 8 22 F N 3 10 90 90 10




May Survived Y N N 22 169.48 155.64 143.5 22
 100 Survived    6 0 N N 
B1-2c-12 18-Apr 8 41.5 F Y 3 10 90 90 10
 0 even 188.83 184.56 176.06   550 X 7-May 9-
May Survived  N N 41.2 167.09 157.82 148.32 41.2
 99.27710843 Survived    6 0 N N 
B1-2c-13 18-Apr 8 25.5 F N 3 15 85 85 10
 5 even 192.2 188.55 179.98   550 X 7-May 9-
May Survived  N N 25.3 177.16 164.33 151.56 25.3
 99.21568627 Survived    6 0 N N 
B1-2c-14 18-Apr 8 26.9 F N 3 10 90 90 10
 0 even 190.11 186.01 177.26   550 X 7-May 9-
May Survived  N N 26.7 177.61 164.52 151.64 26.7
 99.25650558 Survived    6 0 N N 
B1-2c-15 18-Apr 8 40.4 F N 3 10 90 90 10
 0 even 172 164.44 150.88   550 XRD  
          0 
        
B2-2c-1 18-Apr 8 32.9 F N 2 10 90 90 10
 0 even 177.08 168.65 153.99   600 X 20-Apr
 21-Apr Survived  N N 32.8 176.41 162.74 149.76
 32.8 99.69604863 Survived    6 0 N
 N 
B2-2c-2 18-Apr 8 28.7 F Y 3 10 90 85 15
 0 even 163.81 164.27 160.91   600 X 20-Apr
 21-Apr Survived  N N 28.5 168.42 163.7 159.53
 28.5 99.30313589 Survived    6 0 N
 N 
B2-2c-3 18-Apr 8 27.3 F Y 3 15 85 85 10
 5 even 173.53 163.58 148.62   600 X 20-Apr
 21-Apr Survived  N N 27 172.01 156.93 140.59
 27.2 99.63369963 Survived Uncut side   6 0




B2-2c-4 18-Apr 8 26.9 F Y 3 10 90 90 10
 0 even 158.56 158.75 155.57   600 X 20-Apr
 21-Apr Survived  N N 26.6 153.24 149.58 145.35
 26.6 98.88475836 Survived    6 0 N
 N 
B2-2c-5 18-Apr 8 26.3 F Y 3 10 90 90 10
 0 even 164.41 164.78 161.56   600 X 20-May
 21-Apr Survived  N N 26.1 148.9 139.86 135.19
 26.1 99.23954373 Survived    6 0 N
 N 
B2-2c-6 18-Apr 8 32.8 F Y 3 15 90 90 10
 0 even 179.24 170.86 156.62   700 X 19-Apr
 20-Apr Survived  N N 32.7 174.3 161.25 147.26
 32.7 99.69512195 Survived    6 0 N
 N 
B2-2c-7 18-Apr 8 24 F Y 3 10 90 85 10
 5 even 168.95 164.56 156.75   700 X 19-Apr
 20-Apr Fractured  N N N 180.92 166.91 154.15
 17.5 72.91666667 Fractured    2 2 N
 N 
B2-2c-8 18-Apr 8 19.9 F Y 3 10 90 85 10
 5 even 180.13 173.18 162.46   700 X 19-Apr
 20-Apr Fractured  N N N 173.86 148.95 135.66
 19.1 95.9798995 Survived    6 0 N
 N 
B2-2c-9 18-Apr 8 22.7 F Y 3 10 90 90 10
 5 even 161.35 161.62 158.43   700 X 19-Apr
 20-Apr Survived  N N 22.6 159.91 149.86 143.16
 22.6 99.55947137 Survived Cut Marks   6 0
 N N 
B2-2c-10 18-Apr 8 27.2 F Y 3 15 90 90 10




 20-Apr Fractured  N N N 181.74 169.94 162.44 24
 88.23529412 Survived    6 0 N N 
B2-2c-11 18-Apr 8 24.5 F Y 3 10 90 90 10
 5 even 172.68 167.45 158.42   550 X 7-May 9-
May Survived  N N 24.4 165.92 155.67 148.52 24.4
 99.59183673 Survived    6 0 N N 
B2-2c-12 18-Apr 8 24.7 F Y 3 15 90 90 10
 5 even 176.57 169.47 157.57   550 X 7-May 9-
May Survived  N N 24.7 165.07 155.54 146.23 24.7
 100 Survived Uncut Side   6 0 N N 
B2-2c-13 18-Apr 8 23.7 F Y 3 15 90 90 10
 5 even 182.69 172.18 156.89   550 X 7-May 9-
May Survived  N N 23.7 170.83 161.44 150.11 23.7
 100 Survived Uncut Side   6 0 N N 
B2-2c-14 18-Apr 8 25.8 F N 3 15 90 90 10
 5 even 156.56 153.18 145.21   550 X 7-May 9-
May Survived  N N 25.7 163.32 154.4 147.48 25.7
 99.6124031 Survived    6 0 N N 
B2-2c-15 18-Apr 8 25.7 F Y 3 10 90 90 10
 5 even 160.44 157.79 151.14   550 XRD  
          0 
        
B3-2c-1 18-Apr 8 25.2 F N 3 10 90 90 10
 0 even 160.85 148.21 134.21   600 X 20-Apr
 21-Apr Survived  N N 24.9 173.79 160.41 152.87
 24.9 98.80952381 Survived    6 0 N
 N 
B3-2c-2 18-Apr 8 24.1 F N 3 10 90 90 10
 0 even 171.51 159.09 143.09   600 X 20-Apr
 21-Apr Survived  N N 23.8 181.62 170.69 160.38





B3-2c-3 18-Apr 8 19.6 F N 3 10 90 90 10
 0 even 179.64 168.99 154.1   600 X 20-Apr
 21-Apr Survived  N N 19.1 182.32 170.87 160.65
 19.1 97.44897959 Survived Uncut Side   6 0
 N N 
B3-2c-4 18-Apr 8 20 F N 3 15 85 85 10
 5 even 166.54 160.58 149.58   600 X 20-Apr
 21-Apr Survived  N N 19.8 167.98 159.4 151.6
 19.8 99 Survived Uncut Side   6 0 N
 N 
B3-2c-5 18-Apr 8 22.2 F N 5 10 90 90 10
 0 even 174.14 162.7 146.2   600 X 20-Apr
 21-Apr Survived  N N 21.9 179.98 160.48 145.4
 21.9 98.64864865 Survived    6 0 N
 N 
B3-2c-6 18-Apr 8 29.5 F N 3 10 90 90 10
 0 even 178.23 171.01 160   700 X 19-Apr
 20-Apr Survived  N N 29.1 179.37 167.51 159.34
 29.1 98.6440678 Survived    6 0 N
 N 
B3-2c-7 18-Apr 8 27 F N 3 10 90 90 10
 0 even 170.14 156.59 142.57   700 X 19-Apr
 20-Apr Survived  N N 26.8 185.11 172.25 160.79
 26.8 99.25925926 Survived    6 0 N
 N 
B3-2c-8 18-Apr 8 21.4 F N 3 15 85 90 10
 0 even 167.16 156.61 141.51   700 X 19-Apr
 20-Apr Survived  N N 21.2 182.64 171.95 164.17
 21.2 99.06542056 Survived    6 0 N
 N 
B3-2c-9 18-Apr 8 20.8 F N 3 10 90 90 10
 0 even 180.64 170.86 157.46   700 X 19-Apr




 20.5 98.55769231 Survived    6 0 N
 N 
B3-2c-10 18-Apr 8 25.5 F N 3 10 90 90 10
 0 even 173.16 163.36 149.76   700 X 19-Apr
 20-Apr Survived  N N 25 187.85 177.39 167.9 25
 98.03921569 Survived    6 0 N N 
B3-2c-11 18-Apr 8 27.8 F N 3 10 90 90 10
 0 even 183.82 176.88 166.65   550 X 7-May 9-
May Survived  N N 27.6 175.95 165.5 157.47 27.6
 99.28057554 Survived    6 0 N N 
B3-2c-12 18-Apr 8 29.2 F N 3 10 90 90 10
 0 even 174.03 166.86 154.85   550 X 7-May 9-
May Survived  N N 28.9 170.69 159.5 150.77 28.9
 98.97260274 Survived Uncut Side   6 0 N
 N 
B3-2c-13 18-Apr 8 23.6 F N 3 10 90 95 5
 0 even 191.21 181.21 168.41   550 X 7-May 9-
May Survived  N N 23.5 177.18 166.15 156.07 23.5
 99.57627119 Survived    6 0 N N 
B3-2c-14 18-Apr 8 21.5 F N 3 15 85 85 10
 5 even 178.84 168.17 152.92   550 X 7-May 9-
May Survived  N N 21.2 184.04 173.01 163.05 21.2
 98.60465116 Survived Uncut Side   6 0 N
 N 
B3-2c-15 18-Apr 8 31.8 F N 3 10 90 90 10
 0 even 175.06 166.85 155.96   550 XRD  
          0 
        
B1-1c-1 19-Apr 1 5.5 F N 3 7 93 90 10
 0 even 153.12 140.81 121.93   600 X 1-May 2-
May Survived  N N 5.4 180.15 165.9 148.79 5.4




B1-1c-2 19-Apr 1 5.5 F N 3 7 93 90 10
 0 even 155.92 146.9 133.12   600 X 1-May 2-
May Survived  N N 5.4 178.06 167.85 155.94 5.4
 98.18181818 Survived    6 0 N N 
B1-1c-3 19-Apr 1 3.7 F N 3 7 93 90 10
 0 even 159.42 150.39 133.16   600 X 1-May 2-
May Survived  N N 3.6 185.97 169.19 148.66 3.6
 97.2972973 Survived    6 0 N N 
B1-1c-4 19-Apr 1 6 F N 3 7 93 90 10
 0 even 169.65 165.86 155.61   600 X 1-May 2-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
B1-1c-5 19-Apr 1 5.5 F N 3 7 93 90 10
 0 even 155.72 147.86 135.05   600 X 1-May 2-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
B1-1c-6 19-Apr 1 4.7 F N 3 7 93 90 10
 0 even 165.97 157.92 144.45   700 X 30-Apr 1-
May Survived  N N 4.7 175.59 166.89 154.4 4.7
 100 Survived    6 0 N N 
B1-1c-7 19-Apr 1 5.3 F N 3 7 93 90 10
 0 even 155.07 146.04 132.29   700 X 30-Apr 1-
May Survived  N N 5.2 178.7 167.99 155.56 5.2
 98.11320755 Survived    6 0 N N 
B1-1c-8 19-Apr 1 3.9 F N 3 7 93 90 10
 0 even 154.97 146.49 132.47   700 X 30-Apr 1-
May Survived  N N 3.7 178.5 164.72 148.31 3.7
 94.87179487 Survived    6 0 N N 
B1-1c-9 19-Apr 1 4.1 F N 3 7 93 90 10
 0 even 161.06 152.56 138.46   700 X 30-Apr 1-
May Survived  N N 4.1 175 141.97 125.35 4.1




B1-1c-10 19-Apr 1 5.5 F N 3 7 93 90 10
 0 even 167.2 160.99 148.19   700 X 30-Apr 1-
May Survived  N N 5.5 171.27 161.35 150.65 5.5
 100 Exploded    6 0 N N 
B1-1c-11 19-Apr 1 6.1 F N 3 10 90 90 10
 0 even 170.92 163.8 150.5   550 X 29-Apr
 30-Apr Survived  N N 6 164.47 157.44 148.07 6
 98.36065574 Survived    6 0 N N 
B1-1c-12 19-Apr 1 5.2 F N 3 7 93 90 10
 0 even 167.53 158.36 142.43   550 X 29-Apr
 30-Apr Survived Y N N 5.1 164.79 153.98 141.36 5.1
 98.07692308 Survived    6 0 N N 
B1-1c-13 19-Apr 1 4 F N 3 7 93 90 10
 0 even 147.81 138.7 123.9   550 X 29-Apr
 30-Apr Survived  N N 4 152.05 145.48 134.21 4
 100 Survived    6 0 N N 
B1-1c-14 19-Apr 1 5.2 F N 3 10 90 90 10
 0 even 181.09 169.02 150.31   550 X 29-Apr
 30-Apr Survived Y N N 5.2 176.9 168.42 155.72 5.2
 100 Exploded    0 N N N 
B1-1c-15 19-Apr 1 4.4 F N 3 7 93 90 10
 0 even 172.74 164.09 149.54   550 X 29-Apr
 30-Apr Survived  N N 4.3 164.71 156.63 150.15 4.3
 97.72727273 Survived Uncut Side   6 0 N
 N 
B2-1c-1 19-Apr 1 6.6 F N 5 7 93 90 10
 0 even 168.86 161.62 151.78   600 X 1-May 2-
May Survived  N N 6.6 166.17 152.83 142.3 6.6
 100 Survived    6 0 N N 
B2-1c-2 19-Apr 1 6.5 F N 5 7 93 90 10
 0 even 171.59 167.28 160.36   600 X 1-May 2-
May Survived  N N 6.5 170.45 168.47 165.43 6.5




B2-1c-3 19-Apr 1 4.6 F N 5 7 93 90 10
 0 even 169.81 160.16 143.48   600 X 1-May 2-
May Survived  N N 4.6 181.12 166.83 156.66 4.6
 100 Survived    6 0 N N 
B2-1c-4 19-Apr 1 7.7 F N 5 7 93 90 10
 0 even 163.15 155.5 145.3   600 X 1-May 2-
May Survived  N N 7.6 159.78 156.88 152.15 7.6
 98.7012987 Survived    6 0 N N 
B2-1c-5 19-Apr 1 4.9 F N 5 7 93 90 10
 0 even 161.85 153.3 138.33   600 X 1-May 2-
May Survived  N N 4.8 154.67 149.84 138.92 4.8
 97.95918367 Survived    6 0 N N 
B2-1c-6 19-Apr 1 6.6 F N 5 7 93 90 10
 0 even 162.49 155.6 145.18   700 X 30-Apr 1-
May Survived Y N N 6.6 164.98 155.56 147.77 6.6
 100 Survived    6 0 N N 
B2-1c-7 19-Apr 1 6.9 F N 5 5 95 90 10
 0 even 161.71 149.73 135.5   700 X 30-Apr 1-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
B2-1c-8 19-Apr 1 6.4 F N 5 7 93 90 10
 0 even 137.24 135.17 133.78   700 X 30-Apr 1-
May Survived  N N 6.3 151.71 153.88 151.16 6.3
 98.4375 Survived    6 0 N N 
B2-1c-9 19-Apr 1 5.5 F N 5 7 93 90 10
 0 even 133.72 125.12 116.96   700 X 30-Apr 1-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
B2-1c-10 19-Apr 1 5.7 F N 5 7 93 90 10
 0 even 150.19 140.23 131.55   700 X 30-Apr 1-
May Survived  N N 5.7 177.16 168.05 161.85 5.7




B2-1c-11 19-Apr 1 9.3 F N 5 7 93 90 10
 0 even 150.02 141.09 132.16   550 X 29-Apr
 30-Apr Survived  N N 9.3 166.56 163.32 153.12 9.3
 100 Survived Uncut side   6 N N N 
B2-1c-12 19-Apr 1 6.1 F N 5 7 93 90 10
 0 even 159.37 146.53 134.05   550 X 29-Apr
 30-Apr Survived  N N 6.1 183.34 172.58 164.12 6.1
 100 Survived    6 N N N 
B2-1c-13 19-Apr 1 6 F N 5 5 95 90 10
 0 even 142.3 132.58 120.38   550 X 29-Apr
 30-Apr Survived  N N 6 159.74 156.58 150.6 6
 100 Survived    6 N N N 
B2-1c-14 19-Apr 1 4.7 F N 5 7 93 90 10
 0 even 143.66 136.87 131.04   550 X 29-Apr
 30-Apr Survived  N N 4.7 155.17 132.64 114.4 4.7
 100 Survived    6 N N N 
B2-1c-15 19-Apr 1 8.4 F N 5 7 93 90 10
 0 even 149.45 136.05 124.3   550 X 29-Apr
 30-Apr Survived  N N 8.4 164.96 151.62 135.24 8.4
 100 Survived    6 N N N 
B3-1c-1 19-Apr 1 2.6 F N 5 10 90 87 13
 0 even 135.77 128.24 119.48   600 X 1-May 2-
May Exploded  N Y 0    0 0
 Exploded        
B3-1c-2 19-Apr 1 8.5 F N 5 10 90 87 13
 0 even 134.12 121.67 111.4   600 X 1-May 2-
May Survived  N N 8.4 174.76 171.97 168.78 8.4
 98.82352941 Survived        
B3-1c-3 19-Apr 1 4.7 F N 5 10 90 87 13
 0 even 151.9 141.17 130.53   600 X 1-May 2-
May Survived  N N 4.7 169.09 166.89 160.71 4.7




B3-1c-4 19-Apr 1 3.8 F N 5 15 85 87 13
 0 even 154.78 136.91 117.16   600 X 1-May 2-
May Survived  N N 3.7 154.86 147.76 139.19 3.7
 97.36842105 Survived        
B3-1c-5 19-Apr 1 3.7 F N 5 10 90 87 13
 0 even 143.9 131.32 118   600 X 1-May 2-
May Survived  N N 3.6 161.56 152.8 146.5 3.6
 97.2972973 Survived        
B3-1c-6 19-Apr 1 5.7 F N 5 10 90 87 13
 0 even 140.77 128.08 114.82   700 X 30-Apr 1-
May Exploded  N Y N 154 144.97 132.72 2.1
 36.84210526 Exploded    1 1 N N 
B3-1c-7 19-Apr 1 5.6 F N 5 10 90 87 13
 0 even 147.18 134.88 121.63   700 X 30-Apr 1-
May Survived Y N N 5.6 157.38 151.61 142.81 5.6
 100 Survived    6 0 N N 
B3-1c-8 19-Apr 1 4.3 F N 5 10 90 87 13
 0 even 137.44 130.12 122.68   700 X 30-Apr 1-
May Survived  N N 4.4 177.03 171.53 164.86 4.4
 102.3255814 Survived    6 0 N N 
B3-1c-9 19-Apr 1 6 F N 5 10 90 87 13
 0 even 141.11 129.2 116.4   700 X 30-Apr 1-
May Survived  N N 4.8 165.44 148.99 130.28 4.8 80
 Fractured    6 0 N N 
B3-1c-10 19-Apr 1 5 F N 5 10 90 87 13
 0 even 149.17 134.65 117.86   700 X 30-Apr 1-
May Survived  N N 5 175.74 168.98 158.45 5
 100 Survived    6 0 N N 
B3-1c-11 19-Apr 1 4.88 F N 5 10 90 87 13
 0 even 142.8 132.2 122   550 X 29-Apr
 30-Apr Survived  N N 4.8 173.9 162.54 153.68 4.8





B3-1c-12 19-Apr 1 3.2 F N 5 10 90 87 13
 0 even 137.78 129.38 120.82   550 X 29-Apr
 30-Apr Survived  N N 3.2 166.84 154.37 145.91 3.2
 100 Survived Uncut side   6 N N N 
B3-1c-13 19-Apr 1 4.3 F N 5 10 90 87 13
 0 even 143.55 131.39 117.98   550 X 29-Apr
 30-Apr Survived  N N 3.9 168.98 154.44 139.89 3.9
 90.69767442 Survived    6 N N N 
B3-1c-14 19-Apr 1 5 F N 5 10 90 87 13
 0 even 136.82 124.56 112.5   550 X 29-Apr
 30-Apr Survived  N N 5 148.83 136.92 123.84 5
 100 Survived    6 N N N 
B3-1c-15 19-Apr 1 4 F N 5 10 90 85 13
 2 even 140.05 124.09 107.26   550 X 29-Apr
 30-Apr Survived  N N 4 173.04 162.99 151.57 4
 100 Survived    6 N N N 
A1-4c-1 19-Apr 64 177.1 Gs N 7 15 85 80 10
 10 even 161.37 128.94 96.22 2361 2362 600 X 5-May 6-
Apr Survived  N N 162.8 123.92 87 85.24 162.8
 91.92546584 Survived Cracking on sample   6 0
 N N 
A1-4c-2 19-Apr 64 209.6 Gs N 10 20 80 75 15
 10 even 163.99 130.79 94.21 2363 2364 700 X 6-May 7-
May Survived  N Y 208 172.97 129.86 114.17 208
 99.23664122 Survived Cracking within sample   6
 3 N N 
A1-4c-3 19-Apr 64 201.9 Gs N 7 15 85 80 10
 10 even 170.84 142.24 110.4 2365 2366 550 X 7-May 9-
May Survived  N N 201.2 158.67 116.6 101.97 201.2
 99.65329371 Survived Crack within sample   6 0
 N N 
A1-3c-1 19-Apr 27 98.3 Gs N 10 15 85 80 10




Apr Survived  N N 97.3 143 108.82 103.34 97.3
 98.982706 Survived Uncut and rounded side   6
 0 N N 
A1-3c-2 19-Apr 27 87.1 Gs N 10 15 85 85 10
 5 even 155.34 123 92.42   700 X 6-May 7-
May Survived  N Y 84.4 137.57 98.45 93.46 84.4
 96.90011481 Survived Cracking within sample   6
 2 N N 
A1-3c-3 19-Apr 27 63.4 Gs N 13 10 90 85 15
 0 even 158.61 123.9 87.9   550 X 28-Apr
 29-Apr Survived  N N 63 135.35 95.66 90.93 63
 99.36908517 Survived Uncut and rounded side   6
 0 N N 
A1-1c-1 19-Apr 1 3.4 Gs N 10 15 85 80 10
 10 even 147.19 118.75 91.22   600 X 1-May 2-
May Survived  N N 3.1 133.78 98.47 91.84 3.1
 91.17647059 Survived    6 0 N N 
A1-1c-2 19-Apr 1 5 Gs N 15 15 85 80 10
 10 even 146.68 106.59 76.45   600 X 1-May 2-
May Survived  N N 5 148.02 105.77 94.25 5
 100 Survived    6 0 N N 
A1-1c-3 19-Apr 1 3.2 Gs N 5 15 85 80 10
 10 even 148.56 122.35 96.55   600 X 1-May 2-
May Survived  N N 3.1 139.61 95.68 86.8 3.1
 96.875 Survived    6 0 N N 
A1-1c-4 19-Apr 1 4.1 Gs N 5 15 85 80 10
 10 even 153.22 120.37 87.01   700 X 30-Apr 1-
May Survived  N N 4 123.13 88.48 85.13 4
 97.56097561 Survived Cracking   6 0 N
 N 
A1-1c-5 19-Apr 1 2.5 Gs N 10 15 85 80 10




May Survived  N N 2.4 134.14 98.77 93.55 2.4 96
 Survived Cracking   6 0 N N 
A1-1c-6 19-Apr 1 4.4 Gs N 10 15 85 80 10
 10 even 149.86 115.66 89.02   700 X 30-Apr 1-
May Survived  N N 4.3 126.14 87.33 81.29 4.3
 97.72727273 Survived    6 0 N N 
A1-1c-7 19-Apr 1 3.4 Gs N 10 15 85 80 10
 10 even 160.59 137.28 113.77   550 X 29-Apr
 30-Apr Survived  N N 3.4 122.43 79.75 70.32 3.4
 100 Survived Uncut side   6 0 N N 
A1-1c-8 19-Apr 1 4.2 Gs N 10 15 85 80 10
 10 even 143.93 108.15 83.41   550 X 29-Apr
 30-Apr Survived  N N 4.2 127.48 94.6 87.2 4.2
 100 Survived    6 0 N N 
A1-1c-9 19-Apr 1 4 Gs N 10 15 85 80 10
 10 even 149.88 121.08 90.74   550 X 29-Apr
 30-Apr Survived  N N 3.9 135.84 96.94 88.71 3.9
 97.5 Survived    5 1 N N 
A2-4c-1 19-Apr 64 190 F Y 5 15 85 85 10
 5 even 155.39 122.29 113.36 2367 2368 600 X 5-May 6-
Apr Survived  N N 188.9 134.26 101.89 100.15 188.9
 99.42105263 Survived Cracking   6 0 N
 N 
A2-4c-2 19-Apr 64 195.2 F Y 5 10 90 90 10
 0 even 139.17 105.19 99.61 2369 2370 700 X 6-May 7-
May Survived  N N 194 140.57 112.46 108.97 194
 99.3852459 Survived Cracking within sample   6
 0 N N 
A2-4c-3 19-Apr 64 178.5 F Y 3 10 90 90 10
 0 even 153.33 124.29 116.78 2371 2372 550 X 7-May 9-
May Survived  N N 177.5 168.15 136.28 120.67 177.5
 99.43977591 Survived Cracks within sample   6 0




A2-3c-1 19-Apr 27 31.1 F Y 5 15 85 85 5
 10 even 158.44 134.17 125.03   600 X 5-May 6-
Apr Survived  N Y 30.9 143.89 113.72 110.88 30.9
 99.35691318 Survived Cracked on oven entry, crack weight removed. 
Saw cut mark   6 0 N N 
A2-3c-2 19-Apr 27 70.2 F Y 10 15 85 85 10
 5 even 142.77 112.26 106.62   700 X 6-May 7-
May Survived  N N 69.7 142.86 111.51 107.6 69.7
 99.28774929 Survived Cracking through sample   6
 0 N N 
A2-3c-3 19-Apr 27 69.3 F Y 10 15 85 85 10
 5 even 153.34 127.71 120.45   550 X 28-Apr
 29-Apr Survived  N N 68.8 146.84 109.2 102.46
 53.6 77.34487734 Fractured    5 1 N
 N 
A2-1c-1 19-Apr 1 4.9 F Y 3 10 90 85 10
 5 even 129.18 105.28 100.04   600 X 1-May 2-
May Survived  N N 4.9 128.31 104.94 103.67 4.9
 100 Survived    6 0 N N 
A2-1c-2 19-Apr 1 2.9 F Y 3 10 90 85 10
 5 even 96.43 67.52 65.02   600 X 1-May 2-
May Survived  N N 2.9 111.88 91.62 91.89 2.9
 100 Survived    6 0 N N 
A2-1c-3 19-Apr 1 3.9 F Y 3 15 85 85 10
 5 even 150.15 135.06 114.5   600 X 1-May 2-
May Survived  N N 3.9 174.74 144.43 127.82 3.9
 100 Survived Exposed edge   6 0 N N 
A2-1c-4 19-Apr 1 2.7 F Y 3 10 90 85 10
 5 even 125.45 97.63 95.19   700 x 30-Apr 1-
May Survived  N N 2.7 117.52 80.62 80.96 2.7
 100 Survived Saw Mark   6 0 N N 
A2-1c-5 19-Apr 1 4.1 F Y 3 15 85 85 10




May Survived  N N 4.1 127.85 106.21 97.98 4.1
 100 Survived    6 0 N N 
A2-1c-6 19-Apr 1 4.1 F Y 3 15 85 85 10
 5 even 158.13 135.52 113.94   700 X 30-Apr 1-
May Exploded  N N N     0
 Exploded    0 N N N 
A2-1c-7 19-Apr 1 3.3 F Y 3 10 90 85 10
 5 even 120.61 87.2 85.26   550 X 29-Apr
 30-Apr Survived  N N 3.3 117.15 86.84 86.91 3.3
 100 Survived    6 0 N N 
A2-1c-8 19-Apr 1 2.7 F Y 3 10 90 85 10
 5 even 117.56 88.64 87.2   550 X 29-Apr
 30-Apr Survived  N N 2.6 117.54 82.42 80.88 2.6
 96.2962963 Survived    6 0 N N 
A2-1c-9 19-Apr 1 6.7 F Y 3 10 90 85 10
 5 even 127.47 98.04 96.96   550 X 29-Apr
 30-Apr Survived  N N 6.7 130.46 99.44 98 6.7
 100 Survived    6 0 N N 
A3-4c-1 19-Apr 64 225.9 F N 7 90 10 90 0
 10 even 166.55 150.79 134.46 2373 2374 600 X 5-May 6-
Apr Exploded  N N 36.3 170.59 147.76 131.77 36.3
 16.0690571 Exploded    0 7 N Y 
A3-4c-2 19-Apr 64 181.3 F N 10 95 5 95 0
 5 even 159.09 141.51 122.57 2375 2376 700 X 6-May 7-
May Exploded  N Y 11 168.22 147.18 133.75 11
 6.067291782 Exploded    0 4 Y Y 
A3-4c-3 19-Apr 64 189.7 F N 7 95 5 95 0
 5 even 162.03 144.86 126.56 2377 2378 550 X 7-May 9-
May Exploded  N Y 67.8 164.96 147.74 131.81 67.8
 35.74064312 Exploded    0 3 Y Y 
A3-3c-1 19-Apr 27 67.2 F N 10 95 5 95 0




Apr Exploded  N N 16 161.14 146.1 129.12 16
 23.80952381 Exploded    0 3 7 Y 
A3-3c-2 19-Apr 27 69 F N 7 90 10 90 0
 10 even 161.33 144.77 128.41   700 X 6-May 7-
May Exploded  N Y 28.3 147.68 122.66 109.59 28.3
 41.01449275 Exploded    0 4 Y Y 
A3-3c-3 19-Apr 27 64.9 F N 10 95 5 90 0
 10 even 160.49 144.11 127.43   550 X 28-Apr
 29-Apr Fractured  N N 34.4 163.29 141.44 125.68
 34.4 53.0046225 Fractured    0 4 Y
 Y 
A3-1c-1 19-Apr 1 6 F Y 7 95 5 95 0
 5 even 159.11 145.1 130.52   600 X 1-May 2-
May Survived  N N 5.9 157.79 151.68 139.98 5.9
 98.33333333 Survived    6 0 N N 
A3-1c-2 19-Apr 1 5.8 F Y 7 95 5 95 0
 5 even 142.79 130.45 118.36   600 X 1-May 2-
May Survived  N N 5.7 165.96 151.82 133.74 5.7
 98.27586207 Survived    6 0 N N 
A3-1c-3 19-Apr 1 4.1 F Y 7 95 5 95 0
 5 even 155.21 136.99 120.41   600 X 1-May 2-
May Exploded  N Y 0    0 0
 Exploded    0 N N N 
A3-1c-4 19-Apr 1 6.1 F Y 7 95 5 95 0
 5 even 159.76 145.12 129.5   700 X 30-Apr 1-
May Fractured  N Y N 163.46 151.11 139.54 4.7
 77.04918033 Fractured    5 1 N N 
A3-1c-5 19-Apr 1 5.7 F Y 7 95 5 95 0
 5 even 160.64 144.36 126.77   700 X 30-Apr 1-
May Fractured  N Y N 160.78 144.61 131.49 4.8
 84.21052632 Fractured    1 3 N N 
A3-1c-6 19-Apr 1 6.3 F Y 7 95 5 95 0




May Survived  N N 6.1 183.21 155.79 137.54 6.1
 96.82539683 Survived    6 0 N N 
A3-1c-7 19-Apr 1 6 F Y 7 95 5 95 0
 5 even 160.1 144.8 128.12   550 X 29-Apr
 30-Apr Exploded  N Y N    0
 0 Exploded    N 0 N N 
A3-1c-8 19-Apr 1 4.4 F Y 7 95 5 95 0
 5 even 159.1 142.96 126.15   550 X 29-Apr
 30-Apr Survived  N N 4.4 183.34 169.34 155.38 4.4
 100 Survived    6 0 N N 
A3-1c-9 19-Apr 1 5.8 F Y 7 95 5 95 0
 5 even 163.01 146.3 128.52   550 X 29-Apr
 30-Apr Survived  N N 5.8 167.75 149.75 138.44 5.8






APPENDIX F SPSS ANALYSIS OUTPUT 
1. All Data 
Temp (KW)  
 Ranks 
 
  Temp N Mean Rank 
pc_of_origin 550 109 166.47 
600 111 155.35 
700 101 161.31 
Total 321   
 
 
 Test Statistics(a,b) 
 
  pc_of_origin 
Chi-Square .794 
Df 2 
Asymp. Sig. .672 
a  Kruskal Wallis Test 






  ><573 N Mean Rank Sum of Ranks 
pc_of_origin 0 105 164.65 17288.00 
1 216 159.23 34393.00 
Total 321     
 
 Test Statistics(a) 
 
  pc_of_origin 
Mann-Whitney U 10957.000 
Wilcoxon W 34393.000 
Z -.492 
Asymp. Sig. (2-tailed) .623 










pc_of_origin 1 72 213.17 
2 81 183.15 
3 89 138.24 
4 79 116.37 
Total 321   
 
 Test Statistics(a,b) 
 
  pc_of_origin 
Chi-Square 51.180 
Df 3 
Asymp. Sig. .000 
a  Kruskal Wallis Test 







  Source No. N Mean Rank Sum of Ranks 
pc_of_origin 1 150 130.54 19580.50 
2 171 187.72 32100.50 
Total 321     
 
 Test Statistics(a) 
 
  pc_of_origin 
Mann-Whitney U 8255.500 
Wilcoxon W 19580.500 
Z -5.518 
Asymp. Sig. (2-tailed) .000 
a  Grouping Variable: Source No. 
 
 
Grain Size (KW) 
 Ranks 
 
  %_fine N Mean Rank 
pc_of_origin 80 4 92.50 
85 68 141.04 
87 13 171.15 
90 216 171.66 
95 19 125.13 
97 1 38.00 
Total 321   
 
 Test Statistics(a,b) 
 






Asymp. Sig. .024 
a  Kruskal Wallis Test 




      pc_of_origin %_fine 
Spearman's rho pc_of_origin Correlation Coefficient 1.000 .067 
Sig. (2-tailed) . .234 
N 321 321 
%_fine Correlation Coefficient .067 1.000 
Sig. (2-tailed) .234 . 
























 Tests of Between-Subjects Effects 
 
Dependent Variable: Source No.  
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Corrected Model 4.278(a) 8 .535 3.057 .014 
Intercept .398 1 .398 2.276 .143 
Fe2O3Correction .095 1 .095 .543 .467 
MnOCorrection .028 1 .028 .161 .692 
TiO2Correction .067 1 .067 .384 .541 
CaOCorrection .297 1 .297 1.696 .204 
K2OCorrection .308 1 .308 1.760 .196 
SO3Correction .016 1 .016 .090 .766 
Al2O3Corrected .402 1 .402 2.298 .141 
SiO2Corrected .013 1 .013 .076 .785 
Error 4.722 27 .175     
Total 90.000 36       
Corrected Total 9.000 35       
a  R Squared = .475 (Adjusted R Squared = .320) 
 
 





  rock N Mean Rank 
pc_of_origin 1 54 80.82 
2 48 69.72 
3 48 75.29 
Total 150   
 
 Test Statistics(a,b) 
 
  pc_of_origin 
Chi-Square 1.667 
Df 2 
Asymp. Sig. .434 
a  Kruskal Wallis Test 






  temp N Mean Rank 
pc_of_origin 550 52 73.13 




700 44 81.59 
Total 150   
 
 Test Statistics(a,b) 
 
  pc_of_origin 
Chi-Square 1.229 
Df 2 
Asymp. Sig. .541 
a  Kruskal Wallis Test 






  Size N Mean Rank 
pc_of_origin 1 33 110.88 
2 39 91.46 
3 44 62.84 
4 34 39.24 
Total 150   
 
 Test Statistics(a,b) 
 
  pc_of_origin 
Chi-Square 54.745 
Df 3 
Asymp. Sig. .000 
a  Kruskal Wallis Test 







  Rock N Mean Rank 
pc_of_origin 1 57 102.04 
2 57 91.55 
3 57 64.40 
Total 171   
 
 Test Statistics(a,b) 
 
  pc_of_origin 
Chi-Square 17.627 
Df 2 
Asymp. Sig. .000 










  temp N Mean Rank 
pc_of_origin 550 57 97.32 
600 57 82.28 
700 57 78.39 
Total 171   
 
 Test Statistics(a,b) 
 
  pc_of_origin 
Chi-Square 4.670 
Df 2 
Asymp. Sig. .097 
a  Kruskal Wallis Test 






  Size N Mean Rank 
pc_of_origin 1 39 102.45 
2 42 94.38 
3 45 76.94 
4 45 72.98 
Total 171   
 
 Test Statistics(a,b) 
 
  pc_of_origin 
Chi-Square 10.172 
Df 3 
Asymp. Sig. .017 
a  Kruskal Wallis Test 
b  Grouping Variable: Size 
 
General Linear Model 
 Tests of Between-Subjects Effects 
 
Dependent Variable: pc_of_origin  
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Corrected Model 61020.431(a) 7 8717.204 18.457 .000 
Intercept 340.009 1 340.009 .720 .397 




Size 30039.541 3 10013.180 21.201 .000 
Temp 38.902 2 19.451 .041 .960 
@_fine 742.352 1 742.352 1.572 .211 
Error 147827.393 313 472.292     
Total 2533020.778 321       
Corrected Total 208847.823 320       
a  R Squared = .292 (Adjusted R Squared = .276) 
 
 
 
 
 
